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CLUSTAL. 2.0.10 multiple sequence alignment 

MSKLIEYDETARRAMEVGMDKLADTWVTLGPRGRHVVLAKAFGGPTVTN 5 0 



IF Domain 

gi | 144 9370 |emb|CAB01006.1 



IF Domain 

gi | 1449370 | emb | CAB01006 . 1 | 



DGVTVAREIELEDPFEDLGAQLVKSVATKTNDVAGDGTTTATILAQALIK 10 0 



IF Domain 

gi | 144 93 7 0 | emb | CAB01006 . 1 I 



GGLRLVAAGWPIALGVGIGKAADAVSEALLASATPVSGKTGIAQVATVS 15 0 



IF Domain 

gi | 14493 70 | emb | CAB010 06 . 1 | 



SRDEQIGDLVGEAMSKVGHDGWSVEESSTLGTELEFTEGIGFDKGFLSA 2 0 0 



IF Domain 

gi| 1449370 | emb | CAB010 06 . 1 | 



YFVTDFDNQQAVLEDALILLHQDKISSLPDLLPLLEKVAGTGKPLLIVAE 25 0 



IF Domain 

gi | 1449370 | emb | CAB01006 . 1 I 



GXXXXXLXX XXPXXX FXX XXXX 22 

DVEGEAIA.TLVVNAIRKTLKAVAVKGPYFGDRRKAFLEDLAVVTGGQVVN 3 00 



IF Domain 

gi | 1449370 | emb | CAB01006 . 1 | 



PXXGXXXXXXXXXXXXXXXXXIXX VXXXX VX 53 

PDAGMVLRE VGLE VLGS ARRVWS KDDTVI VDGGGTAE AVANRAKHLRAE 3 5 0 



IF Domain 

gi | 1449370 | emb | CAB01006 . 1 | 



XDFN 5 7 

IDKSDSDWDREKLGERLAKLAGGVAVIKVGAATETALKERKESVEDAVAA 4 0 0 



IF Domain 

gi | 1449370 | emb | CAB01006 . 1 | 



AKAAVEEGIVPGGGASLIHQARKALTELRASLTGDEVLGVDVFSEALAAP 4 50 



IF Domain 

gi| 1449370 |emb|CAB01006.lj 



LFWIAANAGLDGS VWNKVSELPAGHGLNVNTLS YGDLAADGVIDPVKVT 5 0 0 



IF Domain 

gi | 1449370 | emb | CAB01006 . 1 | 
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(54) Title: FKBP TYPE PPIASE, EXPRESSION VECTOR, TRANSFORMANT, FUSED PROTEIN, METHOD OF PRODUC- 
ING FUSED PROTEIN, METHOD OF PRODUCING TARGET PROTEIN, METHOD OF PURIFYING KFBP TYPE PPIASE 
AND METHOD OF PURIFYING FUSED PROTEIN 

(54) mWOZfr: FKBPSPP I a s e > fSBE"^*-. JMMElfctt* BS^£>/^fl, MS*? >/{*Jt0>tt& 



100 




A njf*— B*> 



MaFKBP17.8<D8b£: 



A SPONTANEOUS REGENERATION OF RHODANESE 

B EFFECT OF MaFKBP17.8 ON REGENERATION OF RHODANESE 



^© (57) Abstract: It is intended to produce a target protein at a high efficiency with the use of the action of FKBP type PPIase which 
5£ shows a sufficient activity in a region from low temperature to ordinary temperature in usual biochemical environment Owing to the 
\& action of FKBP type PPIase originating in a non-thermophilic archaebacterium belonging to methane-producing bacteria, a target 
O protein is obtained as a normal protein. By a fused protein composed of FKBP type PPIase with the target protein or the coexpression 
J^J of the FKBP type PPIase with the target protein, the target protein can be properly folded. By using a vector which can express the 
O fiised protein, the target protein can be produced at a high efficiency. 
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(si) »£Bfa*a>&iMKy* ^ra)SSo)iirt«aA< 
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(84) ^srsi^ttft^isy . ±x<Dmm<Dfcmmm 

6 RTffi;: ARIPO (BW, GH, GM, KE, LS, MW, MZ, NA, 



SD, SL, SZ, TZ, UG, ZM, ZW), 1-7V7 (AM, AZ, 
BY, KG, KZ, MD, RU, TJ, TM), B — P V (AT, BE, 
BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HU, 
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OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, 
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WO 2005/063964 1 PCT/JP2004/019306 

m m m 

FKBPMPPIase N 1&W&&fo. M&*> 

s<?m<DWmjffe, ntfO^^MOimjjm. FKBP^PPIase<D5|ftSi;^ 

[0001] 1&m FKBPSPPIase, &&?<#9—^ «*K(E3Wk M&*>'*?M. 

(D^b^^J^^T-et+^^tt^-TFKBPMPPIase^FKBPMPPIaset 

P—ZrS^irZl&Kfc&fc, FKBPStPPiase^ g m*>s<?Mb<Dffl&*i"<?W 

t^<OmWfm, ^FKBPMPPIase^lJfflLfcg m9l"WR<DWk%&;. 8feM4 
mEJ(m9wW s 7~7><— {£<£«PPIaseOffi$!fc#&:, XtrafrM^tBSfEffl^ 

[0003] ?l//*?W<V&K%lk&\^£5kirZ>M&fe, *<D*>'s<?'R&m&%J>NA£Lffite 
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[0005] m A^tf^tcm^m^^w^mmi^mLXjE^ ^wmmm-r^mtv 
■m, MAfc*nmmvmmyT~i?i/^mmx^mkvfc^ mmmmm 
mx3o—ioomnm^mr^m^htix\^ 0 mz-&. wv?xmi\^ m 

iEnm?i/s<?nt\.xMm^ttmnm&thx\^ 0 u^ue^<b, 
u±\mmxm. ^m^^x^t^f^m^^^mMxh^ 

^(DUttft^-x&z&x, m&&fcfoKm\<^in^mmi£izir%bm#)X&± 

[0006] £fc N g ift^/-^ jf Sr. ^/V^^-S-h^^^— if (GST) , ^-rtVH^fV 
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[0007] — ^^<DJiX^|^Ji$-frSr^S^J^Lfc^-ft%V^od^^tb-CV> 

[0008] ^X^^/V-XnU/V ^-h^V^- Jy^y— ^(Peptidyl-prolyl cis-trans i 
somerase 0 J^T, rppiasej HfarZo ) tt, *:"^S£©W!>&WBa-£1~5lFr!>S 

XB3@0fJM£*flB^ £ ft ^"FSFKBP (FK506 Binding Protein) SPPIase J± 

. ppiaseSH4©^3&e>i*, ^^^n^ttsrwi-5iids^p^rvs 0 

tt^W-r^FKBPMPPIase^rffi V vf, IE^M<^>^W£#;5;^«fg$;?XT 

v^(##fF^cm2. ##rp^cm3, ##w:st»4, ##rp^m5) 0 ^#f»*7»H 

teM^tt^® ft J[5FKBPS!PPIase«S^rt"5^V^o>^ttW:, $s*r 
^n^^5^5^i/^n^fefcM^t).^^tt^mt^TP#<?D^^^/V 

[0009] #fF^Cmi : «flB s P9-220092-^a 

#4#fF;$CifU VfAsy? 3 ^ (Pluckthun) % /M^T^/a^- (Biotechnology) „ 
H9t, jg545H~, 1991^ 

#«ffP^Cm2 (Furutani) % ^Jrfr^hV— (Biochemistry) , ||39^ %A 
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2000^ 

3¥mmcHk2 : (Ideno) „ ntTy.^t" -JvV-^-'Wtf-^-SXHJ— ( 
Eur. J. Biochem. ), H267=#, ^ 2000^ 

##fP^Cit4:#^^ (Ideno) N /W^^/W^— ^/KBiochem. J. ) , H35 
7^, fg465H~> 2001^ 

##fF;«5 : ##SP (Ideno) N Tzfy^ • xy/^n^^/V • -^f^n/ W^nS? 
— (Appl. Env. Microbiol. ) , ^68#, |?464K-> 2002*£ 

mm tm^zo t-r zmm 
[ooio] mm. ^^m^mmomia^ i^*i8it5fcft^»^ffi^ 

M^^W^»55T:^Jl^^,^ttbO**ffl«S*WFKBPMPPIaseOftA 
?&tt^-t-?M%55 0 C^_h^#XL^tbSo £o-C, itbfeOFKBPMPPIase«« 

-T^^s ^0^f*37^CBff^^M3g^WfiS^^b-CV^fcfe. 1^0** 
m *(DFKBPMPPIase«^cmBI$^T*5b-f , ^tf^^S^lftttlf 

[ooi i] ^b^<^ n mt, i&ufrbn umx^mB^^mmmrxh-t^m 

tt^i-FKBPSPPIase^#t-f-§ra;^fc«5 N ^FKBPMPPIase£ @ ift 
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^m-r^wmm^ FKBPMPPiase b @ m^^wb^m^y^n^n 
mtrm. Rx^mm^^m^mm^m^mm-r^b^mm^ @ mxh% 0 

[0012] ^mm^btt^ mmmi^m^ ^^mmimTzm^ttmw&MvFKB 

P^PPIase^^lb. mF-KBPmPPlase^^y^vi^m^^Xm, 1&U 

^-<u^m^^^b^m^^fdVtCo ^hK, ^FKBPSPPIase&g #J^>vn 

[0013] (1) ^V^^^Mi-S^Mte-S-lH^^i^-t-Si^^^m^-t-^FKBPaPPI 
ase^ 

(2) _h|5S?l.tt*lfflm«> Methanosarcmam-^mmXh^b^Wmbi'^il) 
IB^OFKBPSPPIase. 

(3) iX3— ^^FKBPMPPIase-efe§^^tr##:^i-S ( 1) Xf* (2) IStt^FKB 
PMPPIase, 

(4) wmwr^u 2Xfe3x»m£ftz>T5.;mmm>b?3:z>^—7%, ^<d— 

T^SmmFl ^ftSii^f^tS (1) . (2) X« (3) W2<cC)FKBPSPPIase, 

te\^T*ymmm%iitt^b&mmb-fz>m>kmi). (2), (3)x«(4)is«oppi 

ase % 

(6) IB^J#^-6{c:fB«C>T5:/^gB^J^-r5^i:^#^^-r^FKBPMPPIase, 

(7) Sa^J#"^8 Kmifc(DT^;mm&^%^b&W&b1rZ>FKBPmp-PIase^ 

(8) @B^J#-^10^|E^©T^/^E^J^-f-?)^^^#mi:i-SFKBPMPPIase, 

(9) n^^yFKBPMPPIase-t?fea^^?r#^Ci!-r5 (1) XJ* (2) |E«OFKBP 
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MPPIase, 

(11) (1). (2), (3), (4), (5), (6), (7), (8), (9)X^(10)|E*(DFKBPMP 
[0014] £t>K, 

(12) (1), (2), (3), (4), (5), (6), (7), (8), (9), (10)X«(11)IB*(DFK 
BPMPPIase^ra - Ki~£ Jg 'pt£< th 1 O^fffl IW^IM h£r*U 

mtmmmm^uz. a m*>;<?w%^-\?i-%m2^-^m&ffiA-r%z.bK£ 

^FKBPMPPIasei @ b<Dm^>^M^m.ir^b^X^^b^ 

(13) ±Mmmmm^4u-±, mmmi^-^nm<^rmimni-^t^wmtir 
z> (12) wM^mm^??—. 

d4) ±mmi^-^mmtmmmmm^h(DmK. ^/wy^-fca-Ki- 
%m.mmm$:^T%z.b%:wmk~tz> (12) (13) mmomm^??-, 

(15) jiia^^Ky^-^^ zf?<rT— ^mitr^mmn^^h^wwb 
1-5 (14) mm<Dm^^-. 

(16) (12) . (13) , (14) xte (15) Kmm<D^m^<^—(Dmmmm^4H^ s 

(17) JLfB&2=i-K!g«H:, ^x«^:#:o^^ir>H-^^--Ki-^jt^-efe^ 
^bzw&b~rz> (i6) feaw^m^*-, 

(is) ±18^2=^-^^^, mj&ft&mm^m^-^zMte^x&z- 

(19) (16). (17)X«(18)fBtt^m^^-^^i-^^#mi:i-^^« 

(20) ^^M^fcS - £&#fSc b-f% (19) iB#<«®fEifeffco 
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[0015] 

(21) (1). (2). (3), (4), (5). (6). (7). (8). (9), (10)Xtt(ll)flB*©FK 
BPMPPIase^ g mf r >'<#Wt<DM&?>''*?M. 

(22) ±KFKBPMPPIase^Bij|E g W^'^SC^rafcT^T— 1f?mbT5/ 

g£K^JWi-5^&#itei-;5 (21) flBtt^Rte*^^ 

(23) (16) iB^O^m^^— ^m^^tbfcHl=t— K««atf»23— K«« 
*<B^&rWiflR**N FKBPMPPIase^ g ffy#l'sWil:<Dj&&&/s<? 1 R&&J$e. 

(24) (16) iBifeo^^^— m&^3&*h/fc#i=»— K««&rwif 2=«— kib« 

4rfe^S.r«BgR$*. FKBPSPPIasefcg M#^'<?W<Dffl&*^'*?W$:&)$l' 

(25) *tr^^-<^^— {^mi^— k^^H2=i— Kiaii6©m»c^WT— 

mm**—Y1rZ>K&£Mh. M2^-^mt*^RT$mm£-&. fkbpSpp 
iase£ g ^y/^ftoWCT'nfT- if »T5/^ia^J£#^-»i^^^ 

«§r93«9 tfji-££&«M8tei-5 (24) {cia«o a tt^^ffoSKt;^ 

(26) (1), (2). (3), (4), (5). (6). (7). (8), (9), (10)Xtt(ll)flB«<OTK 
BPSiPPIaseSra— K-f 53t^t B W^^ltSra— Kf 5*^*131— teF*3 
-e^^^-^^i«9. a^^^g^l^^^^W^FKBPMPPIase^ffl^^:, 

(27) (1). (2), (3), (4), (5), (6), (7), (8), (9), (10)Xtt(ll)IB«<OTK 
FKBPMPPIase^^^^|^*i-§^i:Sr#fi[^1-6FKBPMPPIaseOM$t* 

(28) (1), (2), (3), (4), (5), (6). (7). (8), (9), (10)Xf*(ll) tB4fc<OTX 
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BPgypPIaset g ffyfissVEttoW&f^P&^ttl^&r^maKfcR? 

[0016] J&m<OFKBPmpPia&ete£til£, i&m^MM'&b^M^ <o£tt&#tf£R 

[0017] *5IW©^IS-<^^— UJUxtf, FKBPMPPIasei: g W^>v^fK:©BKH r >' 

[0018] ^ejo^jC^^^i^ {SS;5^tfi.^t^oIt©4^#«MT 

-e^+^^tt^-TFKBPSPPIaset g ^l^y/^f t©S^^^S^i 

[0019] ^W©j»^^/-^®n:itbrf , B W^^fiifi©^f®^-^^oIt 

[0020] ^W©i»^^^K«>»3fc^fe»!iJ:*L«r. ;4c|gK<0ltt^>^ffiSr3&4U:< 

- [0021] ;*3&W<Z> g ffy9^/Vm<DW&ttte3MZ. jElXtfrOfittftft g l&^^Jf > ■-. ,. 

[0022] ^^©FKBPMPPIaseOfifSS^felSUtttri, ISfi^bf iW^oIf 

Wfc3S££T"CiSi V ^fiH^Sr^i-FKBPSlPPlaseSrfleffi KmUT^t^^ 

o 

[0023] ^0j<Dgt^^^«o^^^J;tv«, g &*>s<?W<Dmkte : &m%M 

[0024] [|gi]^^^B^JBi"§"6*^B*S^<^9«Ov'3— h^-YyFKBPMPPIase(DT5: 
[03]Hlfe^|5-eMaFKBP17. 8Sr543tbfe3l$*Sr^*rSDS-PAGE/CBB©^ 
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[04]»#!l8-eMaFKBP28. O^M^UfclSJ^^SDS-PAGE/CBBCD^ 

[H6]H«J10^*5(tSSDS-PAGE/CBB(D^VKD^*-l?fe?). 06 (a) «S6^ 
[07]^g;fc#i|15. 16^.t/17^*5{tSSDS-PAGE/CBB(Dy/V6D^*-t?fe'9, g|7 

^■^^M^m^vtc^^mu m7(c) }*^ii^ii7-e^^^^^«^3tb 
[oo25] j^t, ^^^jfe-r^c*<D*S;^^B^ov v-c, mv<nm-i-?>o 

[0026] ^K<^FKBPMPPIase<^— Of*. ^^^0^Mi-5^S.'l4-&^0^*5fe 

— 45 o Ct?fe5^0^Jgi-(Madigan, M. T. et al., 1997, "Block Biolog 
y of Microorganizm" 8th ed., Prentice Hall, New York) G 1£fZ^ Z.(D^ 

?>-&mMKmir%mmk-£m^bvxi^ m^m^n-r , m%.&. Methanosa 

rcinaj^ MethanobacteriumJ^ MethanosphaeraM. MethanococcusMs M 
ethanocaldococcusM. S-t^MethanoignisM^ ^fet^^Methanomicrobialesg 
mzm-f-%-£BM&^fbthZ>o MethanosarcinaM^M-T^-S-^i^s t<9t> 

{j\ Mathanosarcina barkery Methanosarcina mazei N ^Jtl^Methanosarcin 
a acetivoransS^FKBPSPPIasefi, 4£tMi)>b^M^O®?£<D^'fb##J 
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>mmz£%kz.?>&3:^ PPIase?£ttt>l!F#b-CV >« 0 

[0027] —m^, FKBPMPPIasefi, ^S^ie-lSkDamS^^a-b^^FKBPa 
PPIase^,^4^26— 33kDagS^>i3V^-r^FKBPMPPIase^^^:SlJ$H 
5 0 ^UT, FKBPMPPIasete, ZJntLX<Dfmx<V%&^ Ua—h^^tn^^^f 
<D\^tl^&fr?iy^Vl^&£i%'tZ>7bK PPIase^ttl-OVN-Cf*. v^— b^-f 
^FKBPSPPIaseO^ilj^v^i^^n^^TV^o £fe>^, T*fM & 3f5FKBPM 
PPIasete, ^B—h^ZfRX^^^^m^-rfbh, PPIase^tt,&OTK506f£ 
^tt^pFKBPl^f^WU FKBPK^^tp t-**BBFKBPMPPIase^# 

(Maruyama T, Suzuki R, Furutani M., Front Biosci. (2004) 9:168 
0-720) o ^LT. nV^-T^-S-lB^ft^FKBP^PPIase^. _h|S2oO#Affi^J 

^1TZ> 0 ^KcOFKBPMPPIase}*, iXa— f^-frA n>^^<D\^TMi>X^ 

o 

[0028] ^^COFKBPMPPIase-ev-a— b^-f^t)<^}*. E?IJ#-^1, 2XtZ3X* 

tib-^ a) -m-rzthx^ § 0 

tffcl] 

Asp-A-Asn-His-B-Leu-Ala-Gly-X-Phe (I) 

(Asp l*TX/^*r>M> Asn l*7X/^*X His litX^i^>. Leul*P>f«> 
Alal*Tv->> 6ly l*-?'J->>, A l*ffifttf>7 5 y B l*ffS(7)T 5 / gL 

[0029] ££>^ ^K^FKBPMPPIase-^v-a— h^-f^tC)^. E^JS-^4-t?S$tvS 
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[0030] *mm&t>t&. &>^mzmirz%mmxMM&&<o9n<n*s3—b*'r7FK 

BPMPPIaseOT^/^IB^iJ (mfe^<DM&mm*h<Dffi& £rtt«EU ±IELfc=i 
^ zn<D*Sa— h^-YT/FKBP^PPIase^ 

^Vl/— ^2^3— h^7°FKBPMPPIase{*, = >"fe>^-^@a^jA-?:C»N^S^^lC 
"£*>&V ^ ^^V^ia^UB©Phe^ffil<DT3:/^^g#^ofcT5:7^ga^J% 
^©T^/BftE^J^Kl^tffeiO-C&So :/3©~>s— h^-f^FKBPSPP 

Iasett, ^^-fe^iJ-^E^lA^^N^^^^-^, ^0^-fe>^@a^jB^ 

[0031] Elli^V^T, MaFKBP17. 8^Methanosarcina acetivorans ft jfctf^A--- 
yim^3— h^-f^ P FKBPMPPIase(ie^J#^-8). MmFKBP18. OteMethanos 
arcina mazeift3fe<£>;?7W- :/lMiX3r-h^:/FKBPMPPIase(@a?y#-^6) „ M 
bFKBP19{*Mathanosarcina barkerift5k£>^/V— ^lMiXa— b^^FKBP 
MPPIase (ga^-^lO) -e&5o Sfc, MbFKBP21{*M. barkerift^tf)^— 
^3^3— h^-lVFKBPMPPIase 1) % MmFKBPl 7. 9^M. maz 

eii^<D^W— ^3Mi/3— h^7 ,> FKBPSPPIase(ia^J#-^12) . MaFKBP19 
«M. acetivorans ft 5fe£>^/V— /Sl^a- h^-f^FKBPMPPIase (@B^J#-^ 
13)-efe§ 0 MaFKBP18. 2^M. acetivorans ft ^2^3— h 

^^FKBPMPPIase(@a^lJ#^-14) N MmFKBP18. 2{*M. mazeiftjfeO^/V 
— :/2§h>3— b^^FKBPMPPIase (ffi^J#^15) . MbFKBP 1 8 }±M . barke 
rift %<D>f>V— 7 P 2M^3— h^^FKBPMPPIase (@E^J#^-16) "Cfc^o 

[0032] #3^-fe^f-^@a^J^ov^T$e>i-pu<^^i-5o ^-r^^-fev^ga^jBtt, a 
ixmA,^vtc&T^;mmp}<DcMii®iM<Dmpk td*nh*lag* * * *fj ( 
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ik-fZb, Asp-A-Asn-His-B-Leu-Ala-Gly-X-Phe(A«tt*<^T5:y^> B 

<D=t^irvi?-^ia^jB(DEp-efiM7fcT5:y^«c^<7)Phe-efci9, t&a&aii^ 

ffi(D7^/m(DmmK£oX*/3~- h^^FKBP^PPIase^ :/l£^7W-:/ 

[0033] — ^\ ^v-fe^^sa^ijA^, |l|l-eH^-e^Lfc^>— ^3on*»jois^i, r 

Gly-Sei— Gly-Cys-Cfe-So icD^lri/'y-^Ba^jAte, — ^CO^M^tM** 
FKBPMPPIaseON^icljfiV^^icl^fetb^^— ftfS&OM^ 
^— 7©fi!Cj;ot^3- h^-r^FKBPMPPIase^/V— ^3^0^©^— 

IaseJS, ^/k— Zf3KmirZ) 0 ^^^COFKBPMPPIasetC^oV^-C}*. =>-fe^^ 
IB^jB^-f-S^/v— :/l^#l::£mX, ££>l^ ^^i^ia^jB^N^gft^ 
fc^fcV^&£#*UV\, i^/V— :/3<Z»3— h^-ryFKBPMPPIase-efeo 

rt>, ^(DN^^^^X^^^rS^^^.to-CaV-fe^^ia^JASr^* 

i-tltf.^/V— T'lOi^- W^FKBPSiPPIase^ifti-Sil^dS-C^So 
[0034] rtt^^Va— h^^FKBP^iPPIaseCD^^-et, ^/V— ^KDFKBP^PPIase 
i± x :/23m^>— ^StDFKBPMPPIase^Jt^-C, -^^H^-Y^n^g 

tt^^v\ ZJDiSIS&A^- ^lOFKBPMPPIasefS, M&fcf, _L3i<£>M. mazei 
, M. acetivorans^ M. barkeri^<DMethanosarcinaMlffl^^M*f~ i 5^^i^ 
&mVX\ V5 0 rr-e, M. mazei^ & 5fei-^^>-^lM^3— h^^FKBPMP 

piase^-K«it^co^sa^i^tiS$tu6T5y^iE^j^ia^j#^-5 m % 

7^ia^JO^^ia?lJ#-^6(^-r o N#^ N M. acetivorans^fi3fc1-5^>— ^ 
l^>3^-h^^FKBPMPPIase^— K-f-^«{5^<7)^S@a^J^*i^$tbST5:/ 
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[0035] — ;fc3§§F!<£>FKBPi!iPPIase<£>5tK B^WO^tUT, Methanosarcin 
a acetivorans^S^-r^nV^^^FKBPMPPIase^— K"f Satte^^ISS 

[0036] ^^^©FKBPSPPIasei^SKl^PI— ^T^ylftE^SrWU J&*0^ 

IWI— ^^tt%#-r5FKBP®PPIase%^fc. *|SWOlo-t?fcS 0 CL^T?, r§g®|ft 

— lO-IB®^ J;«9^U<»1— 5^©ft)OT5/^a^2cUtt><Z\ T5/fifeK^im 
4>&<tt>50%£iLh, £P;£U<f*70%£t._L, «fct>#£lXri80%Ei_b, $bl^*U< 

[0037] mmm^m—^mmt^^iy^^^i^Rxfyx^msisemm^ 

s^^-y-^^S^b^^^hy— 56, 593-% 1998#;Horowitz. Methods 
Mol. Biol. 4G\ 361-, 1995^;Taguchi, J. Biol. Chem. 269. 8529-, 19 
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94^) 0 PPIase?gtt<D?Nffite. ^hV^»^y^J Bac 

teriol. 1998, 180(2) : 388-394) \Z.iX>fft^^hi^X^ 0 
[0038] ^Wnm^fP-n. _L!BUt;£3£K<7)FKBPSPPIase£ g &)?>s<?nt 

^^<DFKBP^PPIase^3— Ki-^^l^"K^^,^<^10©fjjlJPl^i^ 
tt&£#A1-5^fc£«9FKBPl9PPIase£ i l$^/^S<DS!!^^^®£r3£m 

^©Jb^t>J:v^T^%a:v\$iJl^^^b^^i=i-Kffi^T^(-fcS^ 

fb, N^^Kl^FKBPSPPIase-eC^fl^S g ift^W^ j| 

fcf , Plac^n^— x Ptac^a^E—^— . xylAv^a^— ^— N AraB7°n 

, lambda^u^E— *~ , T7zftt— ^-^ffiV^i^^-e^5 0 fSfUM 

[0040] tets^xte. &b\^ mi^—^m^tmmmmmm^h^ 
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*5v vm, mi= i -vm^tmmmmmm^hb<omK^'n^T— ^mitm/mm 
FKBPSPPiase^ @ m*>'*?&t&zfvTT—vm4kT$/wmm 
[oo4i] ±m^^r—^bvxitWKm^fiT, mz-&. mm*^ 77^- xa, :?v 

xm&*>s*?m*b n m#>/<?w%mm-$-^btfx%z> 0 *<zrwy>ij 
h^%Mmw\<D&znmzmfe£wzwK i5—9ommmmxh5z.b 
#w*ix. mm£nx?yi/>^y^<D^&T^ymtt£%^&mm&^<^is^ 

±mm<D%m^^(omm^ibLx\±m^wt^fvr. m%j&. mmmm^m 
[0043] ±^um^<^--<omwmm^H^ a tt^^sr&a— Ki-5^2=»— k 
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Xi-WCifcvnftWrft&mif bfr%o UW-<DU^y\tVX\-i, Fab, Single chain 
Fv(scFv), Fc. ^#:©#K^>-(D2^^±^Bif^^^^K^-e5i^b^y 

&^tmmfcmgm^kvx#mfc®Ln isthx^z> 0 -^om^s^*^ 

[0045] -r^-^^/K^i^tt, y#VK^s^m*^i-5^ s^#^e<£>%<^-#?£ 
^#»j$-frs^^-efe§ 0 ^nv-^^-^af*, y^vKo^-a-^y^'f^tt 

[0046] l0J^rtS^^^^®^W^bfcmmp R pf»#<PS^$tt-CV^S^^ ^(D^< 
&G?ls/<?W^m^mGPCR)&?—^yhbVX\^ 0 Ut&oX, GPCRO 



WO 2005/063964 17 PCT/JP2004/019306 

%m\<^xm*tefrffi&ff<>x\^<Dmmkxh'oti 0 L2»u ^mm^m^??— 
©Affile, d^o, jzmKwm~r%z.t&x%z> 0 

^^^9. FKBP^PPIaset g W^^^e^Offil^^/^a^it'r^-t^ 

x%z> 0 jmw<D^nm&fc<D^ht£%mM5.^ ^mcomm.^<^—^mtm 
&irz>i><Dx&tit£WKmmtt<, mx-tf. mM^mm^s mm, mm. 
. m&mm. mimmifom$mtfbfi% 0 ^x\ m^mm^^—^w^tm^- 

TZbtt:, m^ttfc&\^x^<Dmn^??—&^Mnife-?& v )* ^ofin-KSi 

[0048] ±§E?i ^<£>5^ -xmrnn^W)®* ^m^xm. ^ot^^^-it^i 

[0049] *mw<DKmm&fo%fc$.~rz>m<o. mm^^-^m^mA-r^mn, 
$s<Dm*(Djjm$:m^z>^b&x$, mutt, T^m^^^^^mm. mM,mL, v 

[0050] ^mw^mm^??-^ mmz.mA-fz>sxm^ ^^vrx^Mm^ 
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j&MWiW&m^^fcMMtii&WlWiZk (Spirin, A. S. , 1991, Science, 11, 
2656-2664: Falcone, D. et al. , 1991, Mol. Cell. Biol. , 11, 
2656-2664) (CT^m$*^^nrt^-efe§o »BJMlR^te, gtfj^^fC 

[oo5i] ^mM(Dm^>^n<D^mmmm^ ^^mMKm-r^nu^mm 

Ei33f5<£>FKBPMPPIase£ g &)#>s<?W:b(DM-&#^^?WXh% 0 &$&mCDM& 
^^/•N^^^ 0 XL*5#^-et>xFKBPMPPIase^<Dil^>-/-?^K^LX^m 

&x%z> 0 g«j^^-?^®»igi:(o^^ii!^^^^«^^-^«9W-t-^^^ 

-e#5 0 09;ttf , FKBPSPPIaset g ^^-^jrcDFfm^n^T— £f«T5:./^ 

fllfctf, ±IBL/c|gm-<^^--b©mi='-K^^m2=t-KfS^Sr^-^iR-r^ 
T-^mT^y^ia^J^^-Ki-Si^^E^J^AUr^ittfvFKBPMPPIase 

[0052] *mm<D g ^^^/^M<z)^5t^f* N 

<DFKBPMPPIase(D^^JfflUT, !El.<m^tltllE^m(D g ift^i/.^ jf 
#^^2ofe§ 0 lo<DfM}2 % _tlEWU;5^ S W^V^jtSrFKBPMPPIas 

g m?>/<?n&w\)tii-fTm&&mxibz> 0 tsio©^^ FKBPSPpiase^ 

> m^m^c.^m&&M&U, FKBPMPPIase<£>3tfc^£ g ift^V^JCCD 
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[0053] ^PJ<DFKBPMPPIaseS.t^B3!^^^^«f±. *>^®<D»$4fc:— AftttK 

£ J; «5 . m OFKBPMPPIase^iil^^^^«5r ^M^l-^-f-^^ 
^t?#5 0 #H^^@^b$tbfci^7K^^b-CFKBPMPPIaseXi»^ 
^^JC^OTI FKBPMPPIaseXteK&^^^W Wffi^&V > 

^^ft^^^^FKBPMPPIaseS-^SIj^^^^W^tf^^. filxfcf, ^ 

[0054] £fc, ;£3£^FKBPMPPIase&TM^:/^ JCte:. FKBPMPPIase£FK50 

(DSm^^?rm#$ii:fc&#:^WbT, ^Sm-FKBPMPPIaseXteS&l^ 

SL^-hlOFKBP^PPIaseXliSfc^^^Jt* 
Jf&ffii-5££tfS-e#S 0 M©*Sc^^6>FKBPSlPPIaseXr±iBI^ 

[0055] l£fc, t^^^eMM^^^^t^v 5 ^^^^^^, ^P^CDFKBPM 
PPIaseX«®l!-a-^^^^Kc r >^^#Ab-C^<^^^J: t P, 1- 
i~5il^dS-e#5o i"^fc>*>. t^^^^^^^^i-^FKBPMPPIaseX^Hlil 

l^^-T-So Jtrfl^-te. ^^^/V^O^JR^V-bbfcm^l^lFKBPSPPIaseX 
{*Sll^^^®^tf^:f4^M$^, ^mfr±5-l^^^^^^UTFKBP 
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[0056] ^r^^wj^stf x*mw&tsbKmv<®.W'tz>'Z)K -^mm^fhh%mm<D 

mmm 1 

[0057] if-UmrnXU, ^^^^^t^M-t-^-S-^B^Methanosarcina mazeift jfci/a— 
h^-T^FKBPMPPIase (MmFKBP18. 0) £ @ lft^>v^®£<DB!ll^>VN^&: 
^-r^^-^^S!,-^^-. 3r#fgUio MmFKBP18. Ote^/V— zfl 

ffltf^a— h^-Y^FKBPMPPIase-efe^o 

[0058] Methanosarcina mazei Goel (DSM3647)OB18$S?l£# i f>0^Wl>£r[Hl 

HJJtZUfco — 3?\ IE^J##5^£;fr3<k&©MmFKBP18. 0jtfc^-<£>4^@E?!j 
?r##(c:UT, PCRfflO^-T^--tU-Cffi^|#-^19^$tb6Mml8-Fl^-r 

y/ADNA%HM£U Mml8-Fl^^-r— .S.t^MmlS-Rl^-r^— gr^-T 
^— ^teL-CPCR^:^. MmFKBP18. 03lHS^-;£tft*gUfco if tg&tbfcDNAW 
^t©i£SE?!ISrfflSSRU^w^, <k£q<DMmFKBP18. Oit^OlgSSB^J^— ffe 
bfCo &*3, it*g£:fXfcDNA$r>f<^M^m, Mml8-F105'^^S^i-§Nc 
oI^^t^MmlS-RlOS'^icS^-r^Spelif-rhd^A^ttrto 
[0059] — ^ mm^39iZ^n^T^~Throm-F2Rm(D^WmXh^r^-- 
Throm-R2^^LfCo fc*5. V Throm-F2J3:, 5MHt-SpeI^ftr, 3'iM 
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;mmF\bftZ>M.gMm%^X\^m2) 0 Throm-F2£IJ:/;27— T 

hrom-R2£T-~y>^£^ 2:£$iCy ThromSrf^Uco 
[0060] MmFKBP18. 0*^£^tfiii|'gDNA®r>t£NcoI/Spen:\ 2^y^— T 
hrom^Spel/EcoRI-e^r^H^U. feb^C&Ncol/EcoRI ^T^SIbfcp 
ET21d^^5:KDNA(y/^^^±M) MmFKBP18. OM^^ 2^y^ 
— <Djl!m-ft5£53f ALT, Bm^^— pMml8F2^r«|gLfc 0 pM 
ml8F2(D*^E|2iC^i- 0 pMml8F2te. T^W— * 

-©TSIh HK^x Hl 3w - KM^i^ -SMaFKBP 1 8 . 03tfc^\ hP^^fPtT^ 

;mmm%=i— Firz&mmm, BamHiiMK Rx$Ndeiy-4h%:mi-z> 0 zrvx. b 

amHIf--rbXi*NdeI^M^2=i-K^^^^6 g «£:^Ki-5*e 
^-^JfA-r^^t^^s MmFKBP18. i W^>-^«t(DBS^^^«^ 
mrT^tt>^^ 0 ^fe^SW&^^^JC^ MmFKBP18. 0£glft 

[0061] ;*^£;$0l;iMi~5*$raMethanosarcina barkeriiiJfeVa 

' — h^'f yFKBPMPPIase (MbFKBP 1 9 . 0) t g &}#>/<?-Wb<DM&?>' < ?'R 

&mmir%~b&x»%%mm>^?—%Mmisfr 0 fc*5. MbFKBPi9. o^vi^-^ 

lSO^a- h^^7°FKBPSPPIase-t?fe^o 
[0062] Methanosarcina barkeri type strain (DSM800) (D^^^^^bM^W 

^£q<DMbFKBP19. Ojt^^-<D^ia^J^##^LT. PCRfflO^^-^UT 
@a^lJ#^2 1 ^£*L5Mb 1 9-F 1 774'?—Rm&m^22 K^fh&Mh 1 9-R 
l^^r— Srg^Ut, ^Ci-> #b;frfc^VADNA£«M£U Mbl9-Fl^-T-v 
— ^t>*Mbl9-Rl^-r^— ^Zf94^r— ^ib-CPCR^frV\ MbFKBP19. 05t 
^?:liiI'SL-fc 0 *iips$ttfcDNAir>T-co^BH^J^aMbfc^r^>. ^(DMbFK 

bpi9. omfe^mMumh— m^tc 0 m^fittDNAm)i<Dmma'i, 

Mb 1 9-F l<D5 y m M1T% SphllM KK.I>*Mb 1 9-R 1<D3' « K ft jRf « S 
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peiiMH^A^Hfco m^-s mmmitmm^x, MbFKBPi9. om&f&is 

tfliiPiDNA»fK-fc, 2&m.V^%— Throm?rpET21^^KDNA^#AU-C, HI 
m^^^-pMbl9F2Sr#HLfCo "f mm^**— pMbl9F2f*. 02(C^ 

pMml8F20#|j&(£>5^K MmFKBP18. Oitfc^ft^oT 
MbFKBP19. 03ft^ : ?-tUfcfl|jE^Sr^ri~5o 

[0063] J£M1M$\~£fe, ;>t^;/£j&0l£JSi~5^lfflMMethanosarcina acetivoransfe 
Jfev-a— h^^FKBPMPPIase (MaFKBP17. 8) t B ftj^^fC^GDSfc^V 
^^S^m-rS-^^-et-S^im^^— **ffiUfc« MaFKBP17. 8f3^ 

yiM<D^a— h^-f^FKBPMPPIase-^fcSo 

[0064] Methanosarcina acetivorans C2A (DSM2834) tf^^^/^^^l^b 

£n<DMaFKBP17. %mB^<DMmm*^KVX, PCRffi©^^— ^b"CE 
^J#-^-23^^tbSMal7. S-FIT"^-^— A'0 ? Ba^J##24^^$tvSMal7. 8 
-Rl^^-£r^J&Ut, #Cfc, #&ft,fc^/ADNA£#t»U Mal7. 8-Fl^ 
& U?Mal7. S-Riy^^r— ^^-r-^— ^j-^U-CPCR^VX MaFKBP 
17. 85t^^trli<l>IbfCo iiil'S^^cDNAKtM'^MSBa^J^m^b^^i^, ^ i • 
(DMaFKBP17. Sit^cDiMBa^-^Wto fc:j3, ^S^fcDNAWJt©^ 
ft^O*. Mal7. 8-Fl(D5'*«^fe^i-§NcoIi?-^ / S.TJ?Mal7. 8-RKD3'7fe 
«^S^-r-§SpeIi^-rb^A§tbfc 0 ^fe^> »F!ll^l^#{-U-C. MaFKBP 17 
. 8»'|£^£-^3>ii*SDNA®f)f ^ 2^y>^— Throm^pET21^^KDNA 
AUT. ^m-<^-pMal7F2^#^L^ 0 *r&:b*>, $m.-<??— P Mal7F 
2te, 02{^$tb^m-<^^— pMml8F20^<7)5^^ MmFKBP18. OMU 
^^n^oTMaFKBPl 7. 8 Afc^UfdflJ&^-rSo 

[0065] Methanosarcina acetivorans S^^^^-T^FKBPMPPIas 

e (MaFKBP28. 0) b g ^J^^N^W^OSl^^^W^^i-S-^^^-e^^^ 
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[0066] i. m^^^—^M 

PCPJS (DZfy^—tVX, iB^J#-^-37^$tl^Ma28-F1^7^— ^.t^ia^l 
#^38^$;h^Ma28-Ri:7 p 9^— Sr^J&Ut, ^life#|3-ep§!£LfcMet 
hanosarcina acetivorans C2A (DSM2834) ©y/ADNA|#SiL, Ma2 
8-F1^4^—&T$Ma28-Riy74^—%774^—ttkVXPCR&ft\ \ MaF 

kbp28. omm^zmmut* m^nttDNAm^m.mmm^mmh'tLt^ 

<kftl<DMaFKBP28. OJt^O^E^I^— &L,feo &*3. it*I$ttfcDNAif^- 
(PpffSBfcltt. Ma28-F105' 5N«^S5|$-f-SNcoI^^t^Ma28-R103' ^ 
^ * *i-5SpeIlMh^A£ tWc 0 SUfe^!lli|Il^^bTMaFKBP28. 0 

3t^X.rJ«2^^y^— Throm£pET21d^WKDNA<DNcol/EcomiMh 
tdif ALT, pMa28F2&#NgUt, i"^^*>> pMa28F 

2tt^ H2iC39<$*t538^-<^^— pMml8F2<£>$U&<£>5*^ MmFKBP18. Ojtfc 
^^f^^o"CMaFKBP28. Oftte^£Ufc«J5&5r^rt-3. 

[0067] ^HJS^!|-ef4.MaFKBP17. 8£$S3g-ifil3SUfco 
,., [0068] 1. MaFKBP17. 8C»M5t •* * 

^ife^j3T?fliSU^l|i&^^^— pMal7F2^r^C^BL21 (DE3)#c (Novagen 
tfc) fcigAU l&Wte&ft&mu 2M&<D^M777^\C^ 100/ig/mL T^tV 
9VSr^tf2XYn&tfi(16g/L B*»3^F*, 20g/L 'Wh!J:/h>\ 5g/L N 
aCUpH7. 5)700mL«r{fc3&3K #^fcj#«^^ ^^5^2— 3HtigHU 3 
5r-e24^ratel^*(110rpm)LfCo i#*^T^> i#*^^^HI(10000r 
pmXlO^)Um^tHlJt5lbfCo#b*lfc0#:^lmM EDTA£r^tf25mM HE 
PEStt«(pH6. 8)20mLfcllK$»U -20°C^T^|g^:#Ufc o 

[0069] *3|$<*#U^1lfiWB«Bft«ritt«IU M^&%m%L-XMfc$:WtVfr 0 MWmfr 
^®^-§r4%Triton X-1005r£tf25mM HEPES/lmM EDTAM«$i(pH 

6. 8) izMM\^x3ofrM®Mu m&&*^mtut* Mmm&j&'bftmvx. tt 
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JK&HURUfco ^mf^mWOm^ #^;fcttJK£20mLtf>25mM HEPES 
/lmM EDTA^«(pH6. 8) fc^UTitA#«#£MMbfc 0 RfigteM^ 
10 ,u g(5 M L) ^ 5 /x LOitA^PJ^^^ttSDS-PAGE^L, ^V-^yy 

&M<DU~ l/i>> RT^te®^-efe?)> ;fr$l<?)W— ^^JM^&So <f-j£;b*>. Ma 
FKBP17. 8t^^-T^VK(^)^. Rr^ttlif^^«m$nfc 0 JiUiJ:^ 
MaFKBP17. 8teitAm-fr5^&<> ^^S^IlJl&^tLfco 
[0070] 2. MaFKBP17. 8(D^^ 

MigO)lRl?^9^«M»«9Mi-^tl3:<J;«9. MaFKBP17. 8^^{^^— KlSrCffifiSli 
Lfc 0 5fc*5, ^tt^S^ffl^n-^h^^-O^Pt-e, MaFKBP17. 8tei3:^A/ 

(a) i^Tktt+iS^ffl^n-^h^^^— CD^# 
'Kffl^^AiHighTrap Phenyl FF 

A^:10mMy^^W^(pH6. 8) /500mM^t^T^^=l>A'^^" 
B^:10mMy^Mf$KpH6. 8) 

: 0-50# :Bm0-l00%<DWM?7i?^>hMM 
50-70^- : Bmi00%<D4y^T^y^m 
^jg:3mL/# 

^ffl^9^>:HiLoad 26/60 Superdex 200pg column 
(26 mmX60cm, T^^^^t^y^TO 
^M:100mMy^^-hy'73>^M(pH7. 0,0. 15M NaCl*^fr) 
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[0071] »^bfcMaFKBP17. 8<DPPIase^tt^T»#)«^i?ffiUto PPIase 

^(DmMn^hvzf^^y^v^mKmuLxn^o 2mL<zno 

OmMy>-^MW^(pH7. 8){£. MaFKBP17. 8^2. 5-25nM, PPIase<7)^W^< 
^"^F-efe^N-suc-Ala-Leu-Pro-Phe-p-^huT^yF W3S0f) 

m^2/zM{3:^J:5(^nxL, 1 5r^2#F^W^^— KUfc 0 #cvvt:\ 3^by 

S'J^«-^-ePPIase^tt^MbfCo -^O^m, MaFKBP17. 8<DPPIase^tt( 
kcat/Km) {3:3. 34s" 1 - ju M _1 -efeofc 0 rcDffi:te N KT©^©^-®^!!* 
5feFKBPMv-3— h^-f^PPIaseOPPIase^tt. -T^^^>. 0^i4^SMethan 
ococcus thermolithotrophicusS5fePPIase(MtFKBP17)<DO. 38s" 1 - /xM~\ 
®0^tt*MThermococcus sp. KS-1 PPIase (TcFKBP18) ©0. 35s" 1 - 
H M~\ M^f^tt"S"^ffl^Methanococcus jannaschiift5fePPIase(MjFKBP18) 
(DO. 92s" 1 - J uM"V)(Ideno et al. , Gene 2002 Jun 12; 292(1-2) :57 

-63) tit^bT. mn^m^tco 

[0072] ^:^»!l-e{*. MmFKBP18. 0^5g-»^L7Co * 
[0073] 1. MmFKBP18. OCDt^ 

^ MM 1 -eflSUfcIS^^— pMml 8F2^II0BL2 1 (DE3) 4*{^AU 

m^m.mmu ^<D±mmft(nm&mft)%nti 0 _b^m^ioMg«rsDs-PAG 

mzmVfct^ MmFKBP18. Ofcfr^l-^V v^K^W^ MmFKBPl 

8. o^m^m^m^mmh-x\ ^^ktmrnztifco 

[0074] 2. MmFKBPl 8. 0<D^M 

VMT^tfcZ.*), MmFKBPl 8. 0£}$H:^— fcSnfffrSJUfco 
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(c) m^^&fv-^hy^^—^kw 

$LF82jy-& : DEAE Toyopearl column 
(16mm X 60cm ; j|€y — *fc) 

A$£:25mM HEPES-KOHW^ (pH6. 8) 

BW-.O. 5M NaCl«r£tf25mM HEPES-KOH8HWiK(pH6. 8) 
300-420^ : B?&100%(CM*y^"7V y^flS ffi 

[0075] ^Jfe^!|-e«, MbFKBP19. 0^5t-^bfc o 
[0076] 1. MbFKBP19. 0<D$S£t 

—pMbl 9F2Sr^J»1lBL2 1 (DE3) W S-^IAU 

ffi#^^aU,^O±^W^(^1±W^)^#fc o ±«®^10jug^SDS-PAG * «, 
E^bfc^r^>, MbFKBP19. Oi^^l'SaiVvO'K^m^^ MbFKBP19 

[0077] 2. MbFKBP19. CHDWWk 

9. MbFKBP19. O^iJII^-tittSLto 



[0078] ^HJte^l-e^, MaFKBP28. 0^5tbfc o 

[0079] ^Jfcfc|5fciai«fclcUr* pMa28F2«r^%^5J^»iaftflc©fW. J§ 

a, nm&n&k#mm&<DMM. ^sds-page^hto/^ 



mm* 
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•t)>ttmmfrX"1bZ> 0 ffeb*>* MaFKBP28. Ottffi^i-S^VKC^cW) RT^tt 
mfr(Dmzm&&tvft 0 £JLbfc*k MaFKBP28. 0Jii*tA#^&3-£&<, 

ITCiaJK&h,fc. 

[0080] ^Hife^J-e}*, MaFKBP17. 8^^^^^^^^^^^^^:^ 
[0081] 6M ti^7=^1^5mM DTT£^tf50mMy V^hy!>^W^(pH7 

. 8)\zxt?*— ^mmm&63nM^tj:^mmu 25x:x6o^-mmu uy* 

— if ^|g14$*fCo mhfhtzM^^^—^iW^lO n M MaFKBP17. 8^1 
OmM DTT£r^tf50mM U^-J-M;^A^WIS(pH7. 8)-^60fg^f^U -t 
©**45#ra#y!!Ufco ^St, ^©JgHtSr*i2try^ (Methods 

in Molecular Biology 40, 361-368 (1 995) ) (D^fel^oTfFffiLfCo If 

-C^U ^^V^u^-Jgt^Ut, MaFKBP17. 8£3»U£#>o?c 

#ttKl*5rt5t»^*— •&<Dffi®&mfeUZ 0 W^m5K^iT 0 irf£fr1b. MaFKB 
PI 7. 8##3E-pm, ^»*5%@SU>5^^bJfed^o^(D^L, MaFK 

BP17. 8#^ET"Cf*^76%On^— ^d^ff^bfCo £t±£«9, MaFKBP17. 8CD 

«609 10 

[0082] teMMMXtZ. MaFKBP17. 8£j@#ffl&® (Aeropyrum pernix) S3fen^— 

^m^F^—^m mu *y*—v&jEimt*>s**wbvxw$ut> 
[oo83] i. &&^*—<Dmmmim&{*<ofm 

a>fb^W^BlfJ;t)A#U/cAeropyrum pernix (JCM9820 o DSM11879t[*ie 

0 )(Dm^yh^m^^xmmmitmm(D^m{zxv^yMNA^mm^fco 
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DNASr#|M£U ApTS-Fl^-T-^-Rt^ApTS-Rl^-f Sr^W 
U-CPCRSrff V \ A. pernix* Jfei*^*— «e^*rit!ttUfc« it ♦g^ttfcDNA 

sia^iji:— m^fco m^t^tDNAm^^m^ia-t, apts-fkds'^ 

^^^i-^Ndel^h^t^ApTS-Rl^S'^ffiicS^^Hindlll^h^pgA^ 
tLfCo #C&<1, A. pernix* Jfen*'*— tSftte^Srgt? i^gDNAir Jt3:Ndel/Hi 
ndin^-CMU ^Jfe^!|3-e*HUfc^^^^-pMal7F2<DNdeI/ / HindIII-9- 
-TM-lfAU MaFKBP17. 8tA. pernixS^n^— if ^OSfe-a^V^ftir 

tt—?—<DTffiK, JlRl^ Hl=t— K^^^§MaFKBP17. 83ttei\ ht^fcT^ 
mH&T^/^ffi^J^ — Ki-5T5/^ga^J . ^.^1123 — Kfg»&3 A. pernix s 
^cr^— ^^nw-^^jt^^^^o iot, MaF 
KBP17. 8tA. pernix^^P^— ^^<DRH#^^^«^^i-S^^^-et§ 
o £?c. ^m^tl^fW-fr^V^ff te. MmFKBP17. 8£A. pernix S^n^ 

[0084] 2. B*1§i^^Jf<£>*l}t 

fM^SDS-PAGES^U CBB^T^/V-^&Ubo y>0^*^rlH6(a) 
^i"o MaFKBP17. 8i:A. pernix E^n^— if ^CDgife^^^«( 

(H|tp^1irMaFKBP17. 8-rhoj|&^>v^{Cj fc***)) ^*i^i-6^K(;£frl) 
T^14®#^f&*btbfco U±.£V , A. pernix* J^tiy^— if ^MaFKBPl 

7. s^aii^^^Jf^l-S^ta;^ isfAffcm&b1\ ^mVtWrt:&$.£fofc 
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[0085] 3. m^>^w<Dmm 

RW/vmM^mX^yJ^mmtmMrr^tK^, MaFKBP17. 8bA. perni 
[0086] 4. P^- H<DW8& 

(b) K^-r 0 &M(Du—>nh^^>mijam, fcm<Du— >-f*hn^tf^»-^@i 

^<Df£jS|^£>;5 0 ht3V^v^PHU©^:Pf-X?f*MaFKBP17. 8£A. per 

KBP17. 8{C*B^1-3^K^tti£nfc 0 ^-k^ MaFKBP17. 8^A. perni 

[0087] ifcWatUT, WT<£>#JlireA. pernixfe^ny^— ^at^^r^-e^m^ii: 
7c 0 ^Jfe^OlO-XfTOUfcA. pernix&^pr^— ifMfc^ONdel/Hindimmb 
j^&Sr. fe^^C^NdeI/HindIII^i^^aur^V^cpET21a^ P ^5KDNA^ 
#AU A. pernixS*n^-if^ma-e^m«^-<^^--^«^LfCo # 

btitcmm^f—ttmrnv. coil bl2i (DE3)t(ciAu f 
m&<D^m&mftRT$MAfcm&%sus-PAGEiz§tu cbb^t^w^^l 

W5>-efe5o -T^fc>^, A. pernix&Jfctt^— te$JA#W^c<£>^ 
W£tK "ej^W^fcfifS^/^^W^^^^ofc 

A. pernixi£*n^-i£ fi, *J§§mft^¥^3iim£^5mA#:£ 
JfcStfS, MaFKBP17. %b<Dm&?>''^mz.~rZ>b, MAfctftb-f. RT^tt®^ 

mmm n 
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[0088] *§H^Jtlt MaFKBP17. SbFab&mftKfrhttM&Z^t^m^iT 

[oo89] i. zm^??— (Dmmti&mfc&fc^wW: 

-^•>^*5teanti-HEL Fab^#:$r#03£a^^— pEHELFab-1 (Ideno. Ap 
pi. Env. Microbiol. 68. 464- 2002) £NdeI/Bpull02n££^glU T 
Jfv— ^/vmn^mKXV, anti-HEL FabffiifcmK&mte^Wtft&WW-'fro 

RNAtf&m&tizdK mmfewi* \zftt>ti. Fabmwmyf^mmbmmb^m^ 
^/<?mbvxxfe?£<^ti^fo7!)mmx&)#.£tiz>o mmm^xmrn^tm 

fg^??— pMal7F2<DNdel/Bpull02I1?--l'M^ #fefufcanti-HEL Fab#C 
mftft(Dmfe^m¥\*ffi?<tZ>^bK£0. MaFKBP17. 8bFab%iWm)n<Dmm 

bcom^^^w^mmrr^b^x^m^^-^mvtco ~rftt>*>, &m 

W<??-te. TT?X**r—*—<DTmK* MK, |gl^~Ki5t»&5MaFKBP17 

mb?j;%Fabffii£mft(Dmm%*-Fi-%MfcT&mirz> 0 iot, tmm^?*— 

KXthU. MaFKBP17. 8bFabfcfcmft(Dmmb<DM&?>'<?'S%?&m~rZ>^b 
&X%Z> 0 ifcfc, mmi5th5WiM-&?>'^Mfe. MaFKBP17. 8bFab#ifcWr}i<D 

Mmb(DMfchti^i/mfcT^;Mmm%^~rz> 0 Fabm.#mft<£>mm.%=* 
— v-rzmfc^o rm i^smbrv ^Fabfofcmx^mm&^—Fir&Mfctt x 
Fabffifcm)i<Dmmfem&x&&£tiz>o m^. mm^m^^-^mm 

BL2i(DE3)tfct^AU &Mum&t\¥m^ a 
[0090] 2. m&?^'^'s.<nw& 

m^mnm^^Awm^w^ mmmsbmm^xpsmvmftbMA 

M^SDS-PAGE^U CBBlCXV/ls%%k&V± 0 W&^k. ^W&mftK 
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MaFKBP17. 8£FabMMV>W&*>''<*WV>*i? J r— ^KtfRfefetbfco CBB 

[0091] it mmtlsX „ ^T(D^JiHT?Fab^i#:KifK-at^^ W^^$*fc 0 1 1 

-t?M^LfcFab^i#:ilf>H-«^^^Ndel/Bpul 1021^^0^1^, feib^CfeNdel 
/Bpul lCmi^&JSlUt&V ^fcpET21a7 D ^5KDNA^#Ab, Fab^t^Sff^t 

-PAGEtcftUfCo ^OJfe^, Fab^#:Blf>t©m^f«A#:W^^^^W$^c 
o W_LJ;«9, Fab^ir^cm^^, A«^^-e«-C^^*S^id-A#:^-5^ 

, MaFKBPi7. s^g^^^ir^-r^ mxfcbttb-r . *ffmffi&K&& 

mmm 12 

[0092] J£mi&m~e^ MaFKBP17. 8bscFvffifcMKfabte&m&?>'s^W&$&%t?' 

[0093] 1. m^??-<Dmmbi&mmmfo<DVFn 

VCRm^^^— £UTIB^J#^27S^£;fr5SCF-F3:/^e— ,&t^BE^J# 
-^28i^$n5SCF-R3y^^-^^bfCo ^^KpAALSC(#S£> 

1997, Gene 194, 35-)%mmbU SCF-F3^-T^— ^TJ?SCF-R3^^ 
^— fc/^fV— *ftLTPCFJHrV\ "V^ijfeanti-^lJhyU^— ^(HEL) s 
cFv^W^CDl. 3) jt^%*i*SL^ 0 ±t"l>S^^cit^^TA^t2-^>-^^J: 
9, pT7^>l— s<W— (Novagenft) IC^AL, NdeI/NotI#!;3S^ H»!l3-e 
*||UfcpMal7F2<DNdeI/NotIlMM^AL.T, MaFKBP17. 8£scFv£t#: 
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mms<##— f±, T7:/n^r— GQT^fc Mt^ fgl=i— K^£&3MaFKB 

pi7. 8»^, \>xiy\f^mT^;m&m^~Yirz>Tsjffl5m. 

itttf. MaFKBP17. S^scFv^C^WJt^^Sfl^^^^K^mi-S^t^^^ 
o ^ ^m&tl/S&itt^^^Stfi, MaFKBP17. 8^scFv^Blf^<7)P^^bn 

vtr ^^T57^ffi^j5rw«o m^, mmuz&^?*—&±s8ffiEL2i (de 

3)$<^AU ^^^SrfERUfc. 

[0094] m&uzMWfc&w-*. mnm5tmm<Djjmz£vm^ nu&ufc«, mm&& 

„ MaFKBP17. 8£^;*ft5l5antl-HEL scFvtfcfrBfJt^Bk^^^K^^ 

[0095] JfctJE0«| £UT x ^T^^JlR-C-^^^ ft 5(5anti-HEL scFv^l^W >t (Dl . 3) 

^Jfe^il 1 2-emmVtc-?VX ft 3fcanti-~!7 HJ >J>^— A (HEL) sc 
Fv*fcffc79^;*VMDl. 3)»g^PtfrJt£> fcfc;&^fcfBI|^3fcNdel/Bpull02I 
^LSUT&V >fcpET21a^7^^KDNA^^f AU, scFv^i^^W^^mi"^^ 
^^-^P^UfCo #fe^55m^>— fc*d»ISBL21 (DE3)8el23*AU ^® 

B^T^febfCo -^?*ft5fcanti-HEL scFv^#ri^i§lIf#fci**S£ 

A/*?385LiH\ itAflcW^^S^flcirbTISmi-SifcdSfcd^ofco 
ft5feanti-HEL scFv^fr^fi. 

„ MaFKBP17. 8b<DM&?>'<?W\Z--t%k, MAfctftbT, BfiSttSfctt^fifc 

mmm 13 
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[0096] ^mmm^^ MaFKBP17. 8£th&5fc-feoh^(HTla) fl^ftSPH 

[0097] 1. &&^?#—<Dmmbmw&&fc<ni&& 

&&<DttTlal^Zf#—Mte*<DMmmmmm (NCBI=*-K : HSSERR51) 4% 

ia^J#-^30i^$tb5HTla-Rl^-r^— Sr^UfCo fcM&aBcDNA^ 
^99— (^WW^-flO &t*M£U HTla-Fiy^^— fttKHTlar-Rl:/?-^ 
— Sr>^9>f-^- >5ti!bTPCR^TV\ HTlaV-fe^— itte^StfttBUfc. *f 
fcDNA8Jf>t?rpT7^>v— T«"W— S^Ats W^ifi?iJ<lrlfemUc^5, 7* 
— ^O^^Hf nt— m^tc* 3&*3s ii#i$tb^DNA»f>H-OM*t-^ HTla 
-Fl<D5 , ^*^ft^i-SNdeI^h^OTTla-Rl©3'^ffi^*^i-5NotI^-l' 
htfSiSA&ixfc. HTlaV-fe^-»^^tPit'i'SDNAirJt?rNdeI/ / No 
tl^r^ab,^^3^«^bfc^m^^^— pMal7F20NdeI/NotIf-^htcI 
#AU MaFKBP17. 8tHTlaU^?~t<DM&?>^?W%^1rZ~btf-e 

mK. mi^^-K«^^^MaFKBPi7. 8it^i\ v^^mmr^mmm 

^-K-r^T^/M^IJ.^^2^--K^^§HTlal/^^--^-Fi-^a 
^^W«o iot, mmm^??~-fc£fo^ MaFKBP17. 8i:HTlaV-fe^ 

. MaFKBP17. 8^HTlal/ir^— OP^cbn^^mbT^/mffi^^l-So & 
^ *^bfc^m-<^— ^AI§0BL21(DE3)$cfc2gAU 7£«3fci&{fc$rff ; §^ 

/Co 

[0098] 2. jSl^://^jt<£>f£}t 

#B#&SDS-PAGE^#fcWco M&^'^M^WiMfe. CBmz.£Z>? /VVk&k. 
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l^ttS#fc<O^MaFKBP17. 8^HTlal/-fe^— <r>Jb&9lss*tr&fr 

[0099] ^»J-m, MaFKBP17. 8£scFv^#:ifr)^W^flJ§&l^^m£*T. s 

[0100] ^m0IH2^IH#^bX > -^^ft^anti-HEL scFv^ui^m^iABm^^ 
fc 0 ^OiililDNAW-Jt^pT?^— T<<?#— [-if AU Ndel/NotlMiK &>fe 
;6^#>Ndel/NotI 531 £.V#kML<X$3V ^pET21a:/7.X5:KDNA{;i}f AU -LfEsc 
Fv(D^m^^— pETscFv£Tlf||gUc 0 #Cfc:, pETscFv£riSM£U K^J#-5§-35 

— *f^L.TPCRSrff V \ _h|EscFvit^S.OT7^ > a^— g&tr^tfscFvOlS 
3BMybDNAWrJi"&*B«Ufc. fc*5. it#S^^fcDNA»T>t^M«l-«:. T7-F1 

i~5BamHI-9--f h^^A^ttfeo ^©itTONAmtf ^A^n-=^t£«J:$>pT7 ^ 
/V— T^**— fcjf AUfc«, ^USS^Sphl/BamHI-e^yffi^. pACYC 184^7 
^K(fP3fe^%fc) OSpM/BamHIlMM-if AU *3£Slffl-<^— pACscFv 

[oioi] 2«s©^-, irf£t>ib, ^mm^^—vACscFv tmmm3xmmutm 

W<?#— pMal7F2£\ =i^t:' , ^Vh-fe/V^:»^JM109(DE3)»^^AU, 100 

-CJ#S*Uto #btt/c=n^— Sr. 100 g/mLT^tr-^y^&r^lOO/i g/mL^n 
^A^ainn— /V£r^tp2XYTJtifi700 mLK&SUt, 35^^111^^^ (110 rp 
m)Ufc#, OD600^o. 6^3&ofc^^lOOmM IPTG£r7mL»lU 
£20^CTlfT£btd^l8R#P^J#*U MaFKBP17. 8^.^^ft*anti-HE 
L scFvtfittSrtf <«m&fS#Ufco iS^lIK 10000 rpmX 10 # 
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) KXWfc&mWUto HURUfctlffcirl mM EDTA^tf 25 mM HEPESHI 

«?*(pH6. 8)20 muzmmu -vcpckx— mm&®& : ut<> Mfc^MMu m 
i<mm^\^xhw\m<Dm¥%:?fr>fc Q -toas^ pacscfvco AU/tm^ 

^^MTIiscFv^^^^TMlii^t^W^^^. P ACscFv£pMal7 
F2<7>M#£*AWtmm;tA-jra-t?^ scFv^®rjtf*-h^®^i-^W$^fc 0 
MaFKBP17. 8fc^m&*3£fcfc:.J:9, scFvOT^ttH^^^** 

mmm 15 

[0102] ^Ji^J-eti. MaFKBP28. Qksc¥vmtmKfrbt£%l^#l/'<?^*&^ 

[0103] 1. Jfc&'-W— ©*8i 

^^Jl2^P^LfcscFvm^^5te^^tfifi|gDNA»f>1r^NdeI / /NotI 

KX^IL, ^Jfe^j4-e«HLfc^m^^— pMa28F2<DNdeI^NotIlH'M£# 
AU MaFKBP28. 0tscFv^if>ti:C»iill^^N o ^®^^i-S^i^-C^§|§ 
m^^-Ma28F2-scFv^^Lfc 0 i"**7*>, Ma28F2-scFv« 
„ T7^n^e— <£>TSEl^ J'ii- X Jgla— Kft^£ft5MaFKBP28. 0«fc^\ h 

trtfrWf^Sra-Ki-Sat^ «r^ri-«o ±ot, MaFKB 
P28. O^scFv^if^^^ffll^^^ftSrliim-t-S^^^-CtSo li§m£*i 
SttlK^^^Jtt*, MaFKBP28. OkscFvm&tt)t<nWzh&*f^fcT$S 
BfeSl^lSr^^So m^Jk^m^^— Ma28F2-scFvtr;fc:fl§0BL21 (DE 

[0104] 2. Bk^>v^©<E>3Kg 
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m-to MaFKBP28. ObscFvfoWmycknW&f^sVW m^Xi^M 

aFKBP28. O-scFvjtt^V^StJ b&&) KtfHiS'fS'O'Ktfcft) #\ *T^t£lSf 
#K|&i?>£>*LfCo ^_hi«9. scFv^tfrBf>H-ttMaFKBP28. Ofc^Btg^^SCfc 

mmm i6 

[0105] ^-MMMXi^ MaFKBP28. ObA. pernixS^n^— "tf^WCSift^V^ 

[oio6] i. &^?z—<ommbi&mm&fc<ottm 

mmmiOXWmUiLA. pernixfc***^— - £*^^ttfti|©DNA»rJt£r 
NdeI/Hindm^X^aU^094^|gU^^^— pMa28F2<Z>Ndel/ 
HindllUMM^if AU MaFKBP28. 0£A. pernix&^n^— if t<DM&?^ 
^^^S^mi~ ; 5^^^-et5^m^^^^-pMa28F2-Tho%#||bfc 0 i"fefc»*>, 
pMa28F2^rho}3. TTfxi^rr^ (DTffifc. Kfcttfc 

&6MaFKBP28. oaws^ h^^mmr^mmm^-v-r^T^/mnm, 

RXffi2=i~-V&mkt3:Z>A. pernixS jfen^*— if £=i— Ki" Sjtte^Sr^So 
iot, ^^m^^^ 7 " £tU:£. MaFKBP28. 0£A. pernix&5feti^— if b 

<DM&?^^?w&^%trz>^bfrx%Z) 0 ^fc. $m&foz> wm-€r*f*?wn. m 

aFKBP28. 0£A. pernix&jfen^*— -^©IRHchnVtrv^flsT^SfflB^O^ 
i"So fll^b^m^^— pMa28F2-rrhoSr^Cl»^BL2l(DE3)»H:#A 

[0107] 2. jft^^^St^JKt 

m^^m^Rx^MAwm^ntcommw^bmmKvx^smim^bmA 

#H#SrSDS-PAGEfc:tfcU CBBlcry/i'SrlfefeUfco #Vw>^Jfcgrig7(b) ^ 
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jfc-f-o iTfefc>*>^ MaFKBP28. OtA. pernixftjfen^— gfc£>BMN'>'''** r K ( 
El^-Ci^ TMaFKBP28. CHrhojgjfe^V^KJ tm^) (-ti ^ 1~3^K (z&frO # 
s "SMVmftfcmtbbtltio fiJLbM, A. pernixS5fen^— ^»MaFKBP28 

[0108] MaFKBP28. 0t^!7V^^y S^^C^MGFP (Green fluoresc 

ent protein) jS^JfeSffik^^^^^m^-^^^SISS.^^— Sr«^ 

[0109] 1. 

pcr/b (Dzf^^—tLxm&m^ i ^$tt5GFP-F i ^t) ? BB^j# 

^^tt^Cell-free protein translation system^M^^h/CV^fc©)*' 
mmbU GFP-Fl^^—^X^GFP-Rl^^—^Zfy^—MbVXPCR 

Jr(Dmmn^ GFP-F105' ^^S^i-SBamHI^h^t^GFP-RKDS'Tlc 

sti/o ^*7is?9?&3&^mGFpmfc^<DmMmmb-m^± 0 ma&zivfc. 

DNAglf >t ^rBamHl/EcoPJ-e^ta^ „ HJfe^l4-e#|gbfcpMa28F2<DBamHI 
/EcoRI-e^-fMC#AUT, MaFKBP28. Ofc^V^^S 3S3^MGFP£<£> 

Ul«£;ft,fc£. MaFKBP28. O^yv^^S^^SGFP^gi^^v^fC^ 
*3S-r«ifcdS-Ct5o ^^S^Sh^^^*. MaFKBP28. 0^17 
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[0110] 2. JBkh9Wft<D&3k 

fc 0 fWWM^mHc) iC^-r o i-^t?*), MaFKBP28. 0^17^7^*^ 
g^GFP^Ogfc^^^ (H # t?r± TMaFKBP28 . O-GFPiB^^^K J t 

ft*5c^GFPt*MaFKBP28. Ob<Dm&?^s<?'S.birZ>Z.bfc£V) . MAfobte 

^>^M<D^^&^^h^^m^vf^^ x-mw ft 
com] KMfMtux. mmWi^mmmMFKBpmpTiase^mm^m^n^fto -tm? 

M0fl^#*fl®Thermococcus sp. KS-lft^a— b^^FKBPMPPIas 
e(TcFKBP18)<D^^.7 e ^5:KpEFEl-3(Iida. Gene 222, 249-, 1998) %m 
MbU Ba^lJ#^33(^$tt^TcFu-Fl^^— ^t^W'J#^34iC7^$ttSTc 
Fn-R2^y4^— MkLXPCR&ft\ \ TcFKBP185t^f £#tfDN 

AmK^mmut^ mm^nttDNAm^^ma-t. tcfu-fios'tN*^ 

ft ^-5NcoIlMKROTcFu-R2£> 3 ' JzffiK ft 3fei~5 SpellM A£fttc 0 

m^fittDNAWryr^pTT^/u— T^?—\zffiAvxm.mm%mmi^tib^ 

S#fStNcoI/Spere#yg^ HJg^!l3-e#||UfcpMal7F20NcoI/ / SpeI^f--rh 
^jfAb-C.TcFKBP18^17^^ft^^SGFPi:<D®I^^^^K^^, 

-e^HLfc^m^^— <^>MaFKBP28. 0itfcWTcFKBP183tfc^4;iM^: 

J£*K &t^#fiWt^SDS-PAGE£fTo?c 0 ^(DiS&H^ ^ife^!ll7^P# 
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[oii2] mmmi7t±m^m<D^m^^^M(om&^m-tvtd^^n^mv 

, UVB^MMbfCo ZfDW^ ^-ffh(Dm^m^mVt^K MaFKBP28. Ob 

PIaseb*7^?7^mm^BmGFPb<DM&?>''<?WK^^X^ MaFKBP28. 0 
^Om^>-^^K©^TcFKBP18tOSil^^^Wl-J*^^.^^#<^^ 

[0113] ^T©*iC, _h|Bbfc^Jfe^|-X?ffiV^PCRfflO^-r^— (D^IH^I, IMfWit 

imk j&mwm^*izbfrxmmL-K. 0 
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tr* /»r»r»r% a tpo^i TTf* ITTPTT A TP APT/2 A f2 1* 

5 -GGCCATGGbA 1 1 uA 1 1 b 1 1 A 1 bAl/ 1 uAu o 


/FCsC/ 1 


19 


Mm18-R1 


5 -CCACTAGTTCATTCCTCCACTG-3 


1 


20 


Mb19HF1 


5 -GGGCATGCGATTCTCGTTTGTTTl Al luAl 1 1 1 I Alb- J 




21 

£- 1 


Mb19-R1 


5' -CCACTAQTTCACTCCTCCAC-3 


OfJG \ 


22 


Ma17. 8-F1 


5 ~GGCCATGGGAACTGAAGAGACAATTAAAAAC-3 


1 

/rc7£/ 1 
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Ma17.8-R1 


5' -CCACTAGTTTATGCCTCCAATG-3' 




9A 


ApTS-F1 


5' -GGfiAIAIfiTCGAGGCTTGGCGTAGA-3' 




9K 


ApTS-R1 


5' -CTGAATTCTCAGGGTTCGTCCCCCTTCT-3' 


////7a 1 1 1 


9fi 


SCF-F3 


5' -ATCATATGAAATACCTATTGCCTACG-3 




97 


SCF-R3 


5' -ATGCGGCCGCCTATTACTCCAGCTTGGTCCCTC-3' 


rlOT\ 


9ft 


HT1a-F1 


5' -ATCATATGGATGTGCTCAGCC-3' 


/rc7£ 1 


9Q 


HTIa-RI 


5* -ATGCGGCCGCCTAGCCGCCAG-3' 


IWUL 1 




GFP-F1 


| 5 -GGGGATCCAGTAAAGGAGAAGAACTTTTCACT-J 


Damn 1 


11 


GFP-R1 


5 -CCGAATTCTTATTTGTATAGTTCATCCATGCbA 1 b-J 


EGOT\ 1 


12 


Tcfu-F1 


5 -GGCCATGGGAAAAGTTGAAGCTGGTGAT-3 


/rCc/ 1 


11 




5 ' -CCACTAGTAGCTTCTGAGTCCTCTTC-3' 


Spe\ 


34 


T7-F1 


5' -GCATGCTAATACGACTCACTATA-3' 


Sph\ 


35 


T7-R1 


5' -BGATCCCAAAAAACCCCTC-3' 


BamW\ 


36 


Ha28-F1 


5' -ACCCATGGGTGCAATTCAGAAAGGCGATTT-3' 


Nco\ 


37 


; Ma28-R1 


5' -GGACTAGTTTCAT6G6ATTCTGAAGTCTCTTC-3* 


Spe\ 


38 



WO 2005/063964 



41 



PCT/JP2004/019306 



m^mm 

o 

l|Bft<£>FKBPSPPIase 0 
[3] ^3— h^^FKBPMPPIase-efe^^^?r#m^i-5»^^lX»2flS«OFKBP 

SPPIase„ 

[4] @a»-^-i . 2x«3-e*$tt^T5:7^sa^j^^^ :7& % -^o-gp ic^tr 

T$/^SH^J^Wi-^i^?r#m^-r5f»^l , 2X^3lS«4<DFKBPSPPIase 0 
T$y^ia^J^i-S^^^#i!t^««^^U 2. 3Xi*4|E^<Z)FKBPSPPIase 

o 

[7] IH^J#-8-8 (^flB«c^>T5:/miB^J Wi-5^i:?r#m^i-SFKBPSPPIa S e 0 

[8] mn^ioKmm<DT^/mmm^-r^t^mtir^FKBpmppiase 0 

[9] n^^-r^FKBPMPPIasel?fc^^t?r#m^-r5M^lX{*2fB«(7)FKBP 
MPPIase 0 

[10] E^J#-^18t^|Bm^T5:y^Ba^J^i-6it^#m^'r§FKBPMPPIase 0 
[11] 8»*®1. 2, 3. 4, 5, 6, 7. 8. 9X«10|B«OFKBP^PPIase^«^)^PI- 

§4pPIase 0 

[12] 2, 3, 4, 5, 6, 7, 8, 9, lOXiSllfB^FKBPSPPIase-ira— Ki"5 

f^/^n^— K-rs^2=t— Ktt^if A-r^tKxwKBpmppiaset g 
[13] iium^»*iH'M3\ mmi^~vmm(DTmmm^z^h%i&wikirzm 
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o 

f»^l, 2. 3. 4, 5. 6, 7. 8, 9, 10XtellfEic<OTKBPMPPIase£ g 6*}^ 
BfrlSFKBPMPPIase^ftjfS g W^^^W^^M^^n^T-^^T^/itE 

Sr^Xt^H^*, FKBPMPPIaset g ft*>v^SC£<Dj8^V>^®Sr£-j£ 

fcte^&tflHlfc*^ FKBPMPPlaset g 

?(ISr3— -54aSffi?!Ifc. &2=— KflBtffc&lE^fttflTO;*** FKBPSPPIase 
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MmFKBP18.0 

MbFKBP19 

MbFKBP21 
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MmFKBP18.2 

MbFKBP18 



HMTEET I KNPDKT I ENGDT I SVDYVGKLEDGTV 
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FDTSVEETAKEAG I YTEQKNYVPLTFTVGAGQV I EGFDNAV I GMEVGEEKTVT I PPEEAY 
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FDTTLKEKALKAG I YDEEKGYKPFFFRTDAFGV I KG I DRGVLGMKEGEEKTF 1 1 PPEEAY 
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1 English translation of WO 2005/063964 Al 

[Example 1] 
[0057] 

In the present example, an expression vector that 
allows expression of a fusion protein of a target protein 
5 and a short type FKBP-type PPIase (MmFKBP18.0) derived from 
a methanogenic archaebacterium Methanosarcina mazei was 
constructed. It is noted that MmFKBP18.0 is a group 1-type 
short type FKBP-type PPIase. 
[0058] 

10 A bacterial pellet was harvested from a bacterial 

suspension of Methanosarcina mazei Goel (DSM3647), and a 
genomic DNA was recovered by a phenol/chloroform treatment 
and ethanol precipitation. On the other hand, an Mml8-Fl 
primer shown in SEQ ID No: 19 and an Mml8-Rl primer shown 

15 in SEQ ID No: 20 were synthesized as primers for PCR based 
on the known base sequence of the MmFKBP18.0 gene shown in 
SEQ ID No: 5. Next, PCR was carried out using the obtained 
genomic DNA as a template and the Mml8-Fl primer and the 
Mml8-Rl primer as a primer set to amplify the MmFKBP18.0 

2 0 gene. The amplified DNA fragments were confirmed to have 
the same base sequence as the known base sequence of the 
MmFKBP18.0 gene. Here, either an Ncol site derived from 
the 5' -end of the Mml8-Fl primer or an Spel site derived 
from 3' --end of the Mml8-Rl primer was introduced at each 

25 end of the amplified DNA fragments. 
[0059] 

In addition, a linker Throm-F2 shown in SEQ ID No: 39 
and a linker Throm-R2 (complementary strand of the linker 
Throm-F2) were synthesized. It is noted that the linker 

30 Throm-F2 contains an Spel site on the 5' -side, an EcoRI 

site on the 3' -side, and also contains a BamHI site and an 
Ndel site between both sites for introducing the gene of 
the target protein. The linker Throm-F2 further contains a 
base sequence that is translated into a thrombin 

35 recognition amino acid sequence upstream of the BamHI site, 



2 



which in turn allows cleavage of the target protein from 
the fusion protein by thrombin (Fig. 2) . Next, the linkers 
Throm-F2 and Throm-R2 were annealed to prepare a double- 
strand linker Throm. 
5 [0060] 

The amplified DNA fragment containing the MmFKBP18.0 
gene and the double-strand linker Throm were treated with 
Ncol/Spel and Spel/EcoRI respectively, and ligated to a 
pET21d plasmid DNA (manufactured by Novagen) that had been 

10 treated with NcoI/EcoRI in advance, in an order of 

MmFKBP18.0 gene-double-strand linker. Thus, an expression 
vector pMml8F2 was constructed. Fig. 2 shows the 
construction of the expression vector pMml8F2. The 
expression vector pMml8F2 contains the MaFKBP18.0 gene as a 

15 first coding region, the base sequence encoding the 

thrombin recognition amino acid sequence, the BamHl site, 
and the Ndel site downstream of a T-7 promoter in this 
order. Insertion of a gene encoding the target protein to 
be a second coding region at the BamHI site or the Ndel 

20 site allows expression of the fusion protein of MmFKBP18.0 
and the target protein. The fusion protein to be expressed 
contains thrombin digestive amino acid sequence between 
MmFKBP18.0 and the target protein. 
[Example 2] 

25 omitted 

[Example 3] 
[0063] 

In the present example, an expression vector that 
30 allows expression of a fusion protein of the target protein 
and a short type FKBP-type PPIase (MaFKBP17.8) derived from 
a methanogenic archaebacterium Methanosarcina acetivorans 
was constructed. It is noted that MaFKBP17.8 is a group 1- 
type short type FKBP-type PPIase. 
35 [0064] 
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A bacterial pellet was harvested from a bacterial 
suspension of Methanosarcina acetivorans C2A (DSM2834), and 
a genomic DNA was recovered by following the same procedure 
as in Example 1. An Mal7.8-Fl primer shown in SEQ ID No: 
5 23 and an Mml7.8-Rl primer shown in SEQ ID No: 24 were 
synthesized as primers for PCR based on the known base 
sequence of the MaFKBP17.8 gene shown in SEQ ID No: 7. Next, 
PCR was carried out using the obtained genomic DNA as a 
template and the Mal7.8-Fl primer and the Mal7.8-Rl primer 

10 as a primer set to amplify the MaFKBP17.8 gene. The 

amplified DNA fragments were confirmed to have the same 
base sequence as the known base sequence of the MaFKBP17.8 
gene. Here, either an Ncol site derived from the 5' -end of 
the Mal7.8-Fl primer or an Spel site derived from 3' -end of 

15 the Mal7.8-Rl primer was introduced at each end of the 

amplified DNA fragments. Next, the amplified DNA fragment 
containing the MaFKBP17.8 gene and the double-strand linker 
Throm were ligated to a pET21 plasmid DNA by following the 
same procedure as in Example 1. Thus, an expression vector 

20 pMal7F2 was constructed. The expression vector pMal7F2 

contains the same construction as that of the expression 
vector pMml8F2 shown in Fig. 2, but contains the MaFKBP17.8 
gene instead of the MmFKBP18.0 gene. 
[Example 4] 

25 [0065] 

In the present example, an expression vector that 
allows expression of a fusion protein of the target protein 
and a long type FKBP-type PPIase (MaFKBP28.0) derived from 
Methanosarcina acetivorans was constructed. 

30 [0066] 

1. Construction of Vector 

An Ma2 8-Fl primer shown in SEQ ID No: 37 and an Ma2 8- 
Rl primer shown in SEQ ID No: 38 were synthesized as 
primers for PCR based on the known base sequence of the 

35 MaFKBP2 8 gene shown in SEQ ID No: 17. Next, PCR was 
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carried out using the genomic DNA from Methanosarcina 
acetivorans C2A (DSM2834) prepared in Example 3 as a 
template and the Ma2 8-Fl primer and the Ma28-Rl primer as a 
primer set to amplify the MaFKBP28.0 gene. The amplified 
5 DNA fragments were confirmed to have the same base sequence 
as the known base sequence of the MaFKBP28.0 gene. Here, 
either an Ncol site derived from the 5' -end of the Ma28-Fl 
primer or an Spel site derived from 3' -end of the Ma28-Rl 
primer was introduced at each terminal of the amplified DNA 

10 fragments. Next, the MaFKBP28.0 gene and the double-strand 
linker Throm were inserted at the NcoI/EcoRI site of the 
pET21d plasmid DNA by following the same procedure as in 
Example 1. Thus, an expression vector pMa28F2 was 
constructed. The expression vector pMa28F2 contains the 

15 same construction as that of the expression vector pMml8F2 
shown in Fig. 2, but contains the MaFKBP28.0 gene instead 
of the MmFKBP18.0 gene. 
[Example 5] 
[0067] 

20 In the present Example, MaFKB17 . 8 was produced and 

purified. 
[0068] 

1. Production of MaFKBP17.8 

The expression vector pMal7F2 prepared in Example 3 

25 was introduced into E. coli BL21 (DE3) strain (manufactured 
by Novagen) to obtain a transf ormant . An amount of 7 00 mL 
of a 2 x YT medium (Yeast Extract 16 g/L, BACTO TRYPTON 20 
g/L, NaCl 5 g/L, pH 7.5) containing 100 |ng/mL ampicillin 
was prepared in a 2L Erlenmeyer flask. The medium was 

30 inoculated with 2 to 3 platinum loops of the transf ormant, 
and cultured under rotation (110 rpm) for 24 hours at 35°C. 
After being cultured, the culture fluid was centrifuged 
(10000 rpm x 10 min) to recover cells. The obtained cells 
were suspended in 20 mL of a 25 roM HEPES buffer (pH 6.8) 

35 containing 1 iriM EDTA, and cryogenically preserved at -20°C. 
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[0069] 

The frozen cell suspension was melted, and the cells 
were disrupted by sonication. The obtained fluid 
containing the disrupted cells was centrifuged to separate 
5 into a supernatant (soluble fraction) and a precipitating 
part (precipitate fraction) . The precipitate fraction was 
suspended in a 25 mM HEPES/1 inM EDTA buffer (pH 6.8) 
containing 4% Triton X-100 and treated for 30 minutes to 
solubilize membrane components. Thereafter, the suspension 

10 was centrifuged to recover the precipitate. This procedure 
was repeated two times, and the resulting precipitate was 
suspended in a 20 mL of 25 mM HEPES/1 mM EDTA buffer (pH 
6.8) to prepare an inclusion body fraction. Then, 10 jag (5 
jiL) of the soluble fraction and 5 |nL of the inclusion body 

15 fraction were subjected to SDS-PAGE, and the gel was dyed 
with Coomassie Brilliant Blue (CBB) . Fig. 3 shows a 
photograph of the gel. In Fig. 3, the left lane represents 
the soluble fraction, and the right lane represents the 
precipitate fraction. The results show that the band 

20 corresponding to MaFKBP17.8 (indicated by an arrow) was 
detected only in the soluble fraction. Therefore, 
MaFKBP17.8 did not form the inclusion body, and was 
recovered in a soluble state. 
[0070] 

25 2. Purification of MaFKB17 . 8 

Column-purification of the obtained soluble fraction 
was performed in an order of hydrophobic interaction 
chromatography and gel filtration to purify MaFKBP17.8 to 
almost homogeneity. Here, MaFKBP17.8 had already been 

30 purified to almost homogeneity after the hydrophobic 
interaction chromatography . 

(a) Conditions of Hydrophobic Interaction Chromatography 

Column: HighTrap Phenyl FF (volume: 5 mL, 
manufactured by Amersham Biosciences) 
35 Eluent 



Solution A: 10 mM phosphate buffer (pH 6.8) 
containing 500 itiM ammonium sulfate 

Solution B: 10 mM phosphate buffer (pH 6.8) 
Eluting condition 

0 to 50 minutes: linear gradient elution 
50 to 70 minutes: isocratic elution 
Flow rate: 3 mL/min 

Column temperature: room temperature 
(b) Conditions of Gel Filtration 

Column: HiLoad 26/60 Superdex 200pg column (26 mm x 
60 cm; manufactured by Amersham Biosciences) 

Eluent: 100 mM sodium phosphate buffer (pH 7.0, 
containing 0.15 M NaCl) 

Eluting condition: isocratic elution 

Flow rate: 3 mL/min 

Column temperature: room temperature 

[0071] 

Next, PPIase activity of the purified MaFKBP17.8 was 
evaluated as follows. The PPIase activity measurement was 
carried out according to chymotrypsin coupling. Namely, 
FKBP17.8 and a substrate peptide of PPIase, N-suc-Ala-Leu- 
Pro-Phe-p-nitroanilide (Peptide Institute, Inc.) were added 
to 2 mL of 100 mM phosphate buffer (pH 7.8) to give a final 
concentration of 2.5 to 25 nM and 2 pM, respectively, and 
preincubated for 2 minutes at 15°C. 

Next, chymotrypsin was added to give a final chymotrypsin 
concentration of 2 pM, and absorbance of the isolated p- 
nitroanilide was measured to evaluate the PPIase activity. 
The result shows that the PPIase activity (kcat/Km) of 
MaFKBP17.8 was 3.34 s^-pM -1 . This value was significantly 
higher than the already reported PPIase activities of short 
type FKBP-type PPIases derived from thermophilic and 
hyperthermophilic archaebacteria, that is, the PPIase 
activity of PPIase (MtFKBP17) derived from a thermophilic 
archaebacterium Methanococcus thermolithotrophicus : 0.38 s~ 



1 -yM~ 1 , the PPIase activity of PPIase (TcFKBP18) derived 
from a hyperthermophilic archaebacterum Thermococcus sp. 
KS-1: 0.35 s^-yM"* 1 , and the PPIase activity of PPIase 

(Mj FKBP18 ) derived from a hyperthermophilic archaebacterum 
Methanococcus jannaschii: 0.92 s^-yM" 1 (Ideno et al . , Gene 
2002 Jun 12; 292(1-2): 57-63). 

[Examples 6 to 8] 
omitted 

[Example 9] 
[0080] 

In the present example, MaFKBP17.8 was confirmed to 
have molecular chaperone activity. 
[0081] 

Rhodanese was dissolved in 50 mM sodium phosphate 
buffer (pH 7.8) containing 6 M guanidine hydrochloride and 
5 mM DTT to give a final rhodanese concentration of 63 pM. 
The solution was treated for 60 minutes at 25°C to denature 
rhodanese. The obtained denatured rhodanese was diluted 60 
times in 50 mM sodium phosphate buffer (pH 7.8) containing 
10 yM MaFKBP17.8 and 10 mM DTT and then treated for 45 
minutes. After being treated, the activity of the refolded 
rhodanese was evaluated according to the Horowitz's method 

(Methods in Molecular Biology 40, 361-368 (1995)). The 
refolded rhodanese activity was represented as a relative 
value to the activity of the native-type rhodanese that is 
set as 100%, and used as the molecular chaperone activity. 
The rhodanese activity of a solution in which MaFKBP17.8 
was not added was measured as a control. Fig. 5 shows the 
results. Although only about 5% of rhodanese was refolded 
without MaFKBP17.8, about 76% of rhodanese was refolded 
under the presence of MaFKBP17.8. Therefore, the results 
reveal that MaFKBP17.8 functions to refold denatured 
rhodanese to the native form. 

[Example 10] 
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[0082] 

In the present example, an expression vector that 
allows expression of a fusion protein of MaFKBP17.8 and 
rhodanese derived from a hyper thermophilic bacteium 
Aeropyrum pernix was constructed. In addition, a 
transformant containing the expression vector was produced. 
The transformant was cultured to obtain the fusion protein. 
Moreover, hydrophobic interaction chromatography was 
performed to purify the fusion protein from the culture. 
Furthermore, rhodanese was cleaved out from the purified 
fusion protein to obtain rhodanese as a native-type protein. 
[0083] 

1. Construction of Expression Vector and Production of 
Transformant 

A genomic DNA was prepared by using a bacterial 
pellet of Aeropyrum pernix (JCM9820, same as DSM11879) 
obtained from Riken and following the same method as that 
used in Example 1. On the other hand, an ApTS-Fl primer 
shown in SEQ ID No: 2 5 and an ApTS-Rl primer shown in SEQ 
ID No: 26 were synthesized as primers for PCR based on the 
known base sequence of the rhodanese gene derived from A. 
pernix shown in SEQ ID No: 40. Next, PCR was carried out 
using the obtained genomic DNA as a template and the ApTS- 
Fl primer and ApTS-Rl primer as a primer set to amplify the 
rhodanese gene derived form A. pernix. The amplified DNA 
fragments were confirmed to have the same base sequence as 
the known base sequence of the rhodanese gene derived form 
A. pernix. Here, either an Ndel site derived from the 5'- 
end of the ApTS-Fl primer or an Hindlll site derived from 
3' -end of the ApTS-Rl primer was introduced at each end of 
the amplified DNA fragments. Next, the amplified DNA 
fragments containing the rhodanese gene derived form A. 
pernix were treated with Ndel/Hindlll and inserted at the 
Ndel/Hindlll site of the expression vector pMal7F2 
constructed in Example 3. Thus, an expression vector that 



allows expression of the fusion protein of MaFKBP17.8 and 
rhodanese derived from A. pernix was constructed. The 
expression vector contains the MaFKBP17.8 gene as a first 
coding region, the base sequence encoding the thrombin 
recognition amino acid sequence, and the gene encoding 
rhodanese derived from A. pernix as a second coding region 
downstream of the T-7 promoter in this order. Therefore, 
the expression vector allows expression of the fusion 
protein of MaFKBP17.8 and rhodanese derived from A. pernix. 

(partially omitted) 

[0084] 

2. Production of Fusion Protein 

The obtained transformant was cultured and recovered 
by following the same method as in Example 5. Thereafter, 
a soluble fraction and an inclusion body fraction were 
obtained from a fluid containing disrupted cells. The 
soluble fraction and the inclusion body fraction were 
subjected to SDS-PAGE, and the gel was dyed with CBB. Fig. 
6(a) shows a photograph of the gel. The band corresponding 
to the fusion protein of MaFKBP17.8 and rhodanese derived 
from A. pernix (shown as "MaFKBP17 . 8-rho fusion protein" 
and indicated by an arrow in the figure) was detected in 
the soluble fraction. Therefore, the rhodanese derived 
from A. pernix in form of the fusion protein with the 
MaFKBP17.8 was synthesized in a soluble state and did not 
form the inclusion body. 
[0085] 

3. Purification of Fusion Protein 

Column-purification of the obtained soluble fraction 
was performed in an order of hydrophobic interaction 
chromatography and gel filtration under the same conditions 
as those of Example 5 to purify the fusion protein of 
MaFKBP17.8 and rhodanese derived from A. pernix. 
[0086] 

4. Production of Rhodanese 
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An amount of 1U of thrombin was added per mg of the 
purified fusion protein and treated for 16 hours at 22°C. 
The reaction fluid was subjected to SDS-PAGE, and the gel 
was dyed with CBB. Fig. 6(b) shows a photograph of the gel. 
The left lane represents the sample before the addition of 
thrombin, and the right lane represents the sample after 
the addition of thrombin and the treatment. The results 
show that only the fusion protein of MaFKBP17.8 and 
rhodanese derived from A. pernix was detected in the sample 
before the thrombin addition. However, the fusion protein 
was not detected but a band corresponding to rhodanese and 
a band corresponding to MaFKBP17.8 were detected in the 
sample after the thrombin addition and the treatment. 
Therefore, the results reveal that the thrombin recognition 
site of the fusion protein of MaFKBP17.8 and rhodanese 
derived from A. pernix was cleaved and the rhodanese was 
cleaved out. 
[0087] 

In Comparative Example, the rhodanese gene derived 
from A. pernix alone was expressed as the following 
procedure. An Ndel/Hindlll digestion product of the 
rhodanese gene derived from A. pernix prepared in Example 
10 was inserted into a pET21a plasmid DNA having been 
treated with Ndel/Hindlll in advance. Thus, an expression 
vector that allows expression of rhodanese derived from A. 
pernix alone was constructed. The obtained expression 
vector was introduced into E. coli BL21 (DE3) strain to 
obtain a transf ormant . The obtained transformant was 
cultured and recovered by following the same method as in 
Example 4. Thereafter, a soluble fraction and an inclusion 
body fraction of the obtained fluid containing disrupted 
cells were subjected to SDS-PAGE, and the gel was dyed with 
CBB. Fig. 6(c) shows a photograph of the gel. The left 
lane represents the soluble fraction, and the right lane 
represents the inclusion body fraction. The results show 
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that the rhodanese derived form A. pernix (indicated by an 
arrow) was detected only in the inclusion body fraction, 
and hardly detected in the soluble fraction. 

Therefore, the results reveal that rhodanese derived 
from A. pernix forms an inclusion body when being expressed 
alone in E. coli, but is synthesized in a soluble fraction 
when being included in the fusion protein with MaFKBP17.8. 
[Examples 11 to 15] 
omitted. 

[Example 16] 
[0105] 

In the present example, an expression vector that 
allows expression of a fusion protein of MaFKBP28.0 and 
rhodanese derived from A. pernix was constructed. In 
addition, a transformant containing the expression vector 
was produced. The transformant was cultured to obtain the 
fusion protein. 
[0106] 

1. Construction of Expression Vector and Production of 
Transformant 

The amplified DNA fragments containing the rhodanese 
gene derived form A. pernix prepared in Example 10 were 
treated with Ndel/Hindlll and inserted at the Ndel/Hindlll 
site of the expression vector pMa28F2 constructed in 
Example 4. Thus, an expression vector pMa28F2-rho that 
allows expression of the fusion protein of MaFKBP28.0 and 
rhodanese derived from A. pernix was constructed. The 
expression vector pMa28F2-rho contains the MaFKBP28.0 gene 
as a first coding region, the base sequence encoding the 
thrombin recognition amino acid sequence, and the gene 
encoding rhodanese derived from A. pernix as a second 
coding region downstream of the T-7 promoter in this order. 
Therefore, the expression vector allows expression of the 
fusion protein of MaFKBP28.0 and rhodanese derived from A. 
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pernix. The protein to be expressed contains the thrombin 
digestion amino acid sequence between MaFKBP2 8.0 and 
rhodanese derived from A. pernix. Next, the constructed 
expression vector pMa28F2-rho was introduced into E. coli 
BL21 (DE3) strain to obtain a transf ormant . 
[0107] 

2. Production of Fusion Protein 

The obtained transf ormant was cultured and recovered 
by following the same method as in Example 5. Thereafter, 
a soluble fraction and an inclusion body fraction were 
obtained from a fluid containing disrupted cells. The 
soluble fraction and the inclusion body fraction were 
subjected to SDS-PAGE by following the same procedure as in 
Example 5, and the gel was dyed with CBB . Fig. 7(b) shows 
a photograph of the gel. The band corresponding to the 
fusion protein of MaFKBP2 8.0 and rhodanese derived from A. 
pernix (shown as "MaFKBP28 . 0-rho fusion protein" and 
indicated by an arrow) was detected in the soluble fraction. 
Therefore, the rhodanese derived from A. pernix in form of 
the fusion protein with the MaFKBP28.0 was synthesized in a 
soluble state and did not form the inclusion body. 
[Example 17] 
omitted 

[0113] 

The table below shows the base sequences, the sites 
of the restriction enzymes and SEQ ID NOs of the primers 
for PCR. 
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Here we report the solution structure of an archaeal FK506-binding 
protein (FKBP) from a thermophilic archaeum, Methanococcus thermolitho- 
trophicus (MtFKBP17), which has peptidyl prolyl cis-trans isomerase 
(PPIase) and chaperone-like activities, to reveal the structural basis for 
the dual function. In addition to a typical PPIase domain, a newly identi- 
fied domain is formed in the flap loop by a 48-residue insert that is 
required for the chaperone-like activity The new domain, called IF 
domain (the Insert in the Flap), is a novel-folding motif and exposes a 
hydrophobic surface, which we consider to play an important role in the 
chaperone-like activity. 

© 2003 Published by Elsevier Science Ltd 



Keywords: FKBP; peptidyl-prolyl cis-trans isomerase; chaperone; archaea; 
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Introduction Peptidyl prolyl cis-trans isomerase (PPIase, EC 

5.2.1.8) catalyzes this step and accelerates protein 
Cis-trans isomerization of peptidyl prolyl bonds folding. 2 - 3 Three families of PPIases are known: 
is one of the rate-limiting steps in protein folding. 1 cyclophilins, FK506-binding proteins (FKBPs), and 
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Table 1. Structural statistics 



A. Experimental restraints 

(1) NOE-derived distance restraints 

Intraresidual (\i - j\ = 0) 729 

Sequential (li ~~ j\ = 1) 713 

Medium range (2 < II - jl < 5) 660 

Long range (Tf - j\ < 6) 1179 

(2) Dihedral angle restraints 

<$> 39 

Xi 38 

Hydrogen bond distance restraints 44 

B. Deviations from the experimental restraints 

RMS distance restraint violation (A) m 0.026 ± 0.0008 

Number of distance restraint violations >0.5 A 0 

Number of distance restraint violations > 0.4 A 2 

RMS dihedral angle restraint violation (°) 0.4 ± 0.08 

Number of dihedral angle restraint violations 0 
>5° 

Number of dihedral angle restraint violations 2 
>3° 

C. Pair-wise atomic RMS deviations of the ten structures (A) 
(1) FPIase domain* 



Backbone heavy atoms b 
All heavy atoms 

(2) IF domain c 
Backbone heavy atoms 
All heavy atoms 

D. Ramachandran analysis (%) d 
Most favored region 
Additionally allowed regions 
Generouslly allowed regions 
Disallowed regions 



0.64 ± 0.10 
1.09 ± 0.09 



0.59 ± 0.13 
1.15 ± 0.12 



60.7 
35.2 
3.6 
0.5 



Ensemble of the ten lowest target function structures out of 
100 calculated. 

a Residues 5-40, 45-85, and 136-153. 
h N, C", and C. 
c Residues 86-135. 

d From PROCHECK 61 -analysis of the ten structures. 



parvulins. 2 - 3 These three families have no sequence 
similarity to one another. With respect to tertiary 
structure, FKBP and the PPIase domain of parvulin 
resemble each other, but they do not resemble 
cyclophilin 4 "" 6 Cyclophilins and FKBPs are 
inhibited by the immunosuppressants, cyclosporin 
A and FK506, respectively. 7 - 8 Parvulins are not 
inhibited by FK506 9 " 11 despite their FKBP-like 
fold. Trigger factors, a group of bacterial PPIases 
that are involved in initial folding steps of nascent 
polypeptide chains, 12 show low sequence similarity 
to FKBPs 13 and adopt FKBP-like fold; 14 thus, they 
are supposed to be a subfamily of FKBP. Unlike 
FKBPs, trigger factors are not inhibited 14 15 or very 
weakly inhibited 16 by FK506. So far, numerous 
PPIases have been characterized and some PPIases 
with various additional functions such as protein 
trafficking, protein assembly, signal transduction, 
and cell cycle regulation have also been found. 2,3 

PPIases are widely distributed and expressed 
abundantly in both eukarya and bacteria. For 



example, the budding yeast Saccharomyces cerevisiae 
has seven cyclophilins, four FKBPs, and a parvulin, 
and Escherichia coli has two cyclophilins, four 
FKBPs, a trigger factor, and two parvulins. 17 On 
the other hand, archaea have fewer kinds of 
PPIases than eukarya and bacteria. 18 Genomic 
sequence analyses have revealed that most 
archaeal species do not have cyclophilins and par- 
vulins. Only four cydophilin genes have been 
found in 16 completely sequenced archaeal 
genomes 19 " 22 and two other cyclophilins have 
been found in two archaea, Halobacterium 
salinarum 23 and Ferroplastna acidarmanus^ . Parvulin 
from Cenarchaeum symbiosum is the only archaeal 
parvulin found so far 24 In contrast, all archaeal 
species whose complete genomic sequences have 
been revealed have one or two FKBPs. These facts 
imply that FKBP(s) play requisite roles as the only 
PPIase in most archaeal species. 

FKBP from the thermophilic archaeum 
M. thermolithotrophicus (MtFKBP17) is the only pro- 
tein that is known to have PPIase activity in this 
archaeum 25 and shows PPIase activity comparable 
to those of bacterial and eukaryotic FKBPs, even 
at a temperature as low as 15 °C. 25 ' 26 In addition to 
the PPIase activity, MtFKBP17 shows chaperone- 
like activity, i.e. it protects other proteins from 
aggregation or wrong folding. 27 Its PPIase and 
chaperone-like activities are not correlated to each 
other; some mutations affect only the PPIase 
activity. 27 Other archaeal FKBPs also exhibit both 
PPIase and chaperone-like activities. 26 ' 28 ' 29 Some 
high molecular weight FKBPs such as rabbit 
FKBP52 (OCFKBP52) 30 and E. coli trigger factor 48 
(EcTig48) 31 also show chaperone-like activity in 
addition to PPIase activity. But, unlike archaeal 
FKBPs, OcFKBP52 and EcTig48 have additional 
domains in the upstream and downstream regions 
of the PPIase domain and their chaperone-like 
activity is exerted by a domain other than the 
PPIase domain 31 - 32 Archaeal FKBPs have two 
characteristic insertion sequences when compared 
with eukaryotic and bacterial Mip (macrophage 
infectivity potentiator)-type FKBPs. One is a long 
insert (41 to 49 residues long) in the "flap' 7 loop, 
and the other is a short insert (12 or 13 residues 
long) in the "bulge" loop (Figure l). 18 The long 
insert is also found in bacterial SlyD (sensitivity to 
lysis)-type FKBPs, 33 - 34 whereas the short insert is 
unique to archaeal FKBPs. The long insert is 
required for the chaperone-like activity of 
MtFKBP17, 27 while the function of the short insert 
remains unknown. 

So far, 41 crystal and solution structures have 
been deposited in RCSB Protein Data Bank (PDB) 
for eukaryotic/bacterial Mip-type FKBPs. How- 
ever, none of them have either the two inserts or 
the domain for chaperone-like activity. We report 
here the first structure of an archaeal FKBP, 
MtFKBP17, which has two inserts and a dual 
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Solution Structure of an Archaeal FKBP 




Figure 2. Stereo drawings of the ten NMR structures of the PPIase domain (a) and the IF domain (b) of MtFKBP17. 



function of PPIase and chaperone-like activities. 
We then discuss the assignment of functional units 
to the determined structure. 



Results and Discussion 

Three-dimensional solution structure 
of MtFKBP17 

The three-dimensional structure of MtFKBP17 



was determined by heteronuclear multi-dimen- 
sional NMR spectroscopy based on a total of 3358 
experimental distance and dihedral restraints. The 
assignment of resonances has been reported. 35 
Structural statistics are summarized in Table 1. 

An ensemble of ten structures shows that 
MtFKBPIV is composed of two domains (Figure 
2). One is a typical PPIase domain of FKBP, which 
consists of 82 N-terminal and 19 C-terniinal resi- 
dues. The short insert in the bulge loop is included 
in the PPIase domain. The other domain is formed 
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Figure 3. (a) Schematic models of 
MtFKBP17 (left) and HsFKBP12 
(right). The secondary structure 
elements of HsFKBP12 and corre- 
sponding elements of MtFKBP17 
are colored light blue, while the sec- 
ondary structure elements unique 
to MtFKBP17 are colored red. The 
flap and bulge loops are colored 
green and yellow, respectively. 
FK506 bound to the active site of 
HsFKBP12 is shown in a stick 
model. The atomic coordinates of 
HsFKBP12 were obtained from 
PDB (1FKF). (b) Topological com- 
parison of MtFKBP17 (left) and 
HsFKBP12 (right). The color 
scheme is the same as for (a). Sec- 
ondary structural elements are 
labeled. p-Sheets A and B of 
MtFKBP17 are also indicated. Bro- 
ken elements do not exist and are 
drawn for comparison. An arrow 
indicates the topological crossing of 
loops in HsFKBP12. 



by the long insert (Asn86-Asnl35) in the flap loop; 
this domain is named as IF (the Insert in the Flap) 
domain. 

The relative orientation of the PPIase domain 
and the IF domain is less defined in our NMR 
structure (Figure 2). The segments that connect the 
two domains of MtFKBP17 (Pro79-Leu91 and 
Phel34-Aspl42) correspond to the flap loop in 
HsFKBP12 (Figure 3), which is disordered in the 
unliganded state. 36 - 37 The poor definition between 
the two domains in MtFKBP17 could be either due 
to the flexible linker or the insufficient number of 
experimental restraints used in our structure 
detemunation. 

Structure of the PPIase domain 

The PPIase domain of MtFKBP17 consists of a 
four-stranded antiparallel 3-sheet (3-sheet A) 
accompanied by two a-helices (al, a2) on both its 
sides (Figure 3(a)). It lacks an N-terrninal p-strand 
(31) observed in human FKBP12 (HsFKBP12), one 



of the most intensively studied FKBPs 38 The four- 
stranded 3-sheet A and al-helix of the PPIase 
domain of MtFKBP17 have a topology of 34-35- 
otl-32-33 and correspond to the secondary 
structure of HsFKBP12, except for 31-strand. The 
corresponding region is very similar; the root- 
mean-square (RMS) deviation is 1.2 A for 78 C a 
atoms between MtFKBP17 and HsFKBP12 
(Figure 4). 

Due to the lack of 31-strand, MtFKBP17 has no 
topological crossing of loops that is characteristic 
of eukaryotic/bacterial Mip-type FKBPs 
(Figure 3(b)). 38 * 9 Such a loop crossing in anti- 
parallel 3-sheet is a rarely observed, unfavorable 
folding element. 40 Thus, the lack of it would con- 
tribute to the stability of MtFKBP17. 

A 35-strand of MtFKBP17 is split into two 
strands, 35 a and -35b, as in HsFKBP12. An a2- 
helix, which is unique to MtFKBP17, is formed by 
a short insert in the bulge loop between 35 a and 
35 b . The side-chains on a2-helix form a hydro- 
phobic cluster together with the side- chains on 34 
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Figure 4. Overlay of the solution structure of 
MtFKBP17 and the crystal structure of HsFKBP12. The 
C* atoms used for superimposition are colored red and 
blue, while the other C a atoms are colored pink and 
light blue in MtFKBP17 and HsFKBP12, respectively 



and 05 a -strands (Figure 5). In contrast, p5 a -strand 
of HsFKBP12 is formed only when a ligand (asco- 
mycin) is bound, 41 otherwise it is disordered. 36 - 37 
Thus, a2-helix of MtFKBP17 stabilizes the 05 a - 
strand even in the absence of a ligand and may 
enhance the thermostability of the protein. 



Structural comparison with other FKBPs 

The number of p-strands in a PPIase domain of 
FKBPs varies from four to six. HsFKBP12 has a 
five-stranded p-sheet with a topology of Pl-p4- 
05 a -p5 b -a-p2-p3. 38 Yeast FKBP12 (ScFKBP12), 
OCFKBP52, 43 and bacterial Mip-type FKBP from 
Legionella pneumophila (LpFKBP25) 39 have an extra 
B-strand (called 00 here) at the N terminus with a 
topology of pO-pi-p4-p5 a -0Va-p2-p3 (Figure 6). 
On the other hand, human FKBP13 has a four- 
stranded 0-sheet (p4-p5 a -p5b~a-p2-p3) and its 20 
residue N-terminal segment corresponding to pi- 
strand does not appear in the electron density 
map. 44 The trigger factor from Mycoplasma 
genitalium (MgTig51) also has a four-stranded 
p-sheet, and its N-terminal segment corresponding 
to pi-strand is disordered in solution (Figure 6). 
MtFKBP17 also has a four-stranded p-sheet, and 
lacks pi-strand because of its shorter N terminus. 
Thus, a four-stranded p-sheet and an a-helix (04- 
P5 a -p5 b -a-p2-p3) would form a minimal structural 
frame required for the PPIase activity. 

The variations within and around the flap and 
bulge loops confer various characters on the pro- 
teins with the FKBP-like fold (Figure 6). Archaeal 
FKBPs have long and short inserts in the flap and 
bulge loops, respectively. 18 Bacterial SlyD-tvpe 
FKBPs have a long insert in the flap loop. 33 - 34 
Human FKBP25 (HsFKBP25) has a nuclear localiz- 
ation signal in the bulge loop (Figure 6). 45 Trigger 
factors have shorter flap and bulge loops than 
those of HsFKBP12 by six and three amino acid 
residues, respectively. 14 The human homologues of 
parvulin, hPinl (HsPvnl8) and hParl4 (HsPvnl4), 
do not have the two loops; 4 " 6 the flap loop is sub- 
stituted by a turn, and the bulge region contains 
two a-helices instead of p5 a -strand observed in 
MtFKBP17 (Figure 6). 



F25, 




F3& 




Active site of PPIase 

In HsFKBP12, the substrate-binding pocket for 
the pipecolinyl ring of FK506 has been identified, 
which consists of Tyr26, Phe36; Asp37, Phe46, 
Phe48, Val55, fle56, Trp59, Tyr82, Ile90, He91, 
Leu97, and Phe99 (Figure 7(a)). 38 In MtFKBP17, 

Figure 5. Minor hydrophobic 
cluster in the PPIase domain of 
MtFKBP17 (left) and the corre- 
sponding view of HsFKBP12 
(right). Amino acid residues form- 
ing the cluster in MtFKBP17 and 
the corresponding residues in 
HsFKBP12 are shown in a stick 
model. Residues involved in the 
hydrophobic cluster are colored 
green. Hydrophilic residues Thr27, 
Lys35, Ser38, and Arg40 in 
HsFKBP12 are replaced by hydro- 
phobic residues nel6, Val24, Thr27, 
and He29 in MtFKBP17. 
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OcFKBP52 



SCFKBP12 



HsFKBP25 



HsPvn18 



Figure 6. Structural comparison 
of proteins with the FKBP-like 
fold. The common secondary 
structure elements are colored yel- 
low. (30 and pi-strands are colored 
blue and red, respectively. The 
flap and bulge regions are colored 
light blue and green, respectively. 
The other structural elements, N- 
terminal dimerization domain of 
LpFKBP25, N-terminal WW 
domain of HsPvnl8, and two a- 
helices between £4 and p5 b of 
HsPvnl8 are shown in gray. The 
names of proteins are abbreviated 
as for Figure 1. Atomic coordinates 
were obtained from the RCSB 
PDB: LpFKBP25, 1FD9; OcFKBP52, 
1ROT; ScFKBP12, 1YAT; 
HsFKBP25, 1PBK; MgTig51, 
1HXY; HsPvnl8, 1PIN. 



the corresponding residues form a similar hydro- 
phobic pocket for substrate binding, which consists 
of TyrlS, Phe25, Asp26, Leu48, PheSO, Gln56, 
Leu57, Ile58, Phe61, Tyr84, Leul38, Leul43, and 
Phel45 (Figure 7(b)). The hydrophobic environ- 
ment in the pocket would facilitate the rotation of 
a peptidyl prolyl bond by excluding water 
molecules. 46 

The substrate-binding pocket of MtFKBP17 is 
more similar to that of MgTig51 14 than that of 
HsFKBP12. 38 Firstly, Tyr84 in MtFKBP17 and 
Tyr230 in MgTig51 are shifted into the binding 
pockets when ^compared to the corresponding resi- 
due Tyr82 in HsFKBPlZ Secondly, Leu57 in 
MtFKBP17 and Phe203 in MgTigSl protrude over 
the binding pocket, whereas the corresponding 
residue Val55 in HsFKBP12 is too small to pro- 
trude. Thirdly, Phe61 in MtFKBP17 and Phe207 in 
MgTigSl, which lie at the bottom of the binding 
pocket, are replaced by Trp59 in HsFKBP12. All 
these differences make the substrate-binding 
pockets of MtFKBPIV and MgTigSl smaller than 
that of HsFKBPl2, and alter the substrate 
specificity. 

MtFKBPIV and EcTig48, the E. coli orthologue of 
MgTigSl, catalyze the cis-trans isomerization of 
Suc-Ala -Ala -Pro-Phe-pNa and Sue- Ala-Leu-Pro- 
Phe-pNa (called Ala pl and Leu pi , respectively, 
here) with similar efficiency; the ratio of the 
catalytic efficiencies (k c&t /K M values) for Leu pl 
versus for Ala pl is 1.75 for MtFKBPIT 25 and 2.69 for 
EcTig48. 15 In contrast, HsFKBP12 definitely prefers 
Leu pl to Ala pl with a ratio of 12.1. 47 Based on the 
proposition that the binding pocket of HsFKBP12 
recognizes a substrate polypeptide at the Pro resi- 
due and its preceding residue at the PI position, 48 ' 49 
it can be explained that the small substrate-binding 
pockets of MtFKBP17 and MgTigSl /EcTig48 
would be able to fit both Leu and Ala at the PI 



position (underlined in the sequences above), 
whereas the pocket of HsFKBP12 would be too 
big to fit Ala at PI. Since MtFKBP17 is the only 
protein that is known to have PPIase activity, in 
M. thermolithotrophicus, 25 its broader substrate 
acceptability would be suitable for its function. 

Despite the similarity of their substrate-binding 
pockets in size and substrate preference, sensitivity 
to FK506 is different between MtFKBPIT and 
MgTig51/EcTig48. The PPIase activity of 
MtFKBP17 is inhibited by FK506, 25 whereas those 
of MgTigSl and EcTig48 are not. 1415 In the case of 
HsFKBPlZ^the carboxyl group of Asp37 on the 
P5 a -strand is shown to be important for binding to 
FK506, 38 and the substitution of this residue by Val 
decreases the affinity to FK506 dramatically 50 ' 51 
This Asp is conserved in almost all FKBPs includ- 
ing MtFKBP17, but is replaced by Ala and Glu in 
MgTig51 and EcTig48, respectively (Figure 1). 
Moreover, the backbone conformation around the 
P5 a -strand is quite different between MtFKBP17 
and MgTig51. Therefore, the sensitivity to FK506 
largely depends on the presence of this Asp resi- 
due rather than the size of the substrate-binding 
pocket as proposed by Vogtherr et ah 14 

Structure and functional implications of the 
IF domain 

The IF domain consists of a four-stranded 
p-sheet (0-sheet B) and an a-helix (a3) (Figure 8). 
No similar fold is found in the atomic coordinates 
deposited in the RSCB PDB by a search with the 
Dali program. 52 Since a deletion mutant of 
MtFKBP17 which lacks the long insert forming the 
IF domain shows no chaperone-like activity, the IF 
domain is prerequisite to the chaperone-like 
activity of MtFKBP17. 27 Interestingly, the IF 
domain has a highly hydrophobic surface 
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Figure 7. Substrate-binding pocket in the PPIase domain of (a) HsFKBP12 and (b) MfflKBP17. Ditet^ues 
betwSii MtFKBP17 and HsFKBP12 are colored violet. The loop between p^-strand and al-helrx is colored orange. 




Figure 8. Hydrophobic surface of the IF domain of 
MtFKBP17. Amino acid residues forming the hydro- 
phobic surface are shown and labeled. 



(Figure 8), which probably binds and masks hydro- 
phobic part(s) of a substrate polypeptide to prevent 
its aggregation, and, as a result, facilitates the correct 
folding of the substrate as the chaperones. 53 - 54 

The molecular surface of MtFKBP17 is highly 
acidic except for the substrate-binding pocket of 
the PPIase domain and the hydrophobic surface of 
the IF domain, the probable active site for the 
chaperone-like activity (Figure 9). The solution 
structure suggests that the two domains of 
MtFKBP17 are discrete functional units for its 
PPIase and chaperone-like activities and that they 
work synergistically to assist folding of substrate 
polypeptide(s). 

Conclusion 

The solution structure of an archaeal FKBP from 
a thermophilic archaeum M. ihermolithotrophicus 
(MtFKBP17) has been determined by triple-reson- 
ance three-dimensional NMR. This is the first 
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Figure 9. Distribution of charge (left) and hydrophobicity (right) on the surface of MtFKBP17. The electrostatic 
potential was calculated with GRASP 59 Red, white, and blue correspond to negative, neutral, and positive potential, 
respectively. Hydrophobicity was evaluated with the hydropathic score of each residue; 60 green and white correspond 
to hydrophobic and hydrophilic residues, respectively. A speculative three-dimensional structure of a substrate 
peptide Ala 8 -Pro-Phe-Ala 13 bound to MtFKBP17 is shown in a stick model. 



report of the tertiary structure for an archaeal 
FKBP, which has a dual function of PPIase and 
chaperone-like activities. MtFKBP17 consists of 
two domains, a typical PPIase domain and a 
newly identified IF domain, which is formed 
within the flap loop by a 48 residue insert. The IF 
domain is required for the chaperone-like activity 
but not for the PPIase activity. The molecular sur- 
face of MtFKBP17 is highly acidic except for the 
substrate-binding pocket of the PPIase domain 
and the hydrophobic surface of the IF domain, the 
probable active site for the chaperone-like activity. 
The solution structure suggests that the two 
domains of MtFKBP17 are discrete functional 
units for its PPIase and chaperone-like activities 
and that they work synergistically to assist folding 
of substrate polypeptide(s). 

Materials and Methods 

NMR spectroscopy 

Expression, purification, and NMR sample prep- 
aration' of MtFKBP17 were done as described. 27 - 35 All 



spectra were.acquired at 25 °C, pH 8.0, on Variah Unity- 
INOVA500 and UnityINOVA750 spectrometers. The 
assignment has been reported. 35 15 N and "Credited 3D 
NOESY spectra (75 ms mixing time) were used to obtain 
distance restraints for the structure calculations. 3D 
HNHA, 3D HNHB, and 3D HNCOHB spectra were 
used to obtain torsion angle restraints for <(> and Xi* 



Structure determination 

NOE cross-peaks in 15 N and 13 C-edited 3D NOESY 
spectra were assigned using SPARKY 3 (T. D. Goddard 
& D. G. Kneller, University of California, San Francisco). 
The heights of NOE cross-peaks were calibrated using 
covalently fixed distances and translated to interproton 
distances based on the relation of NOE oc (distance)" 6 . 
Restraints for the dihedral angle <|> were derived from 
3 /hn~h« coupling constants obtained from 3D HNHA. 
Dihedral angles Xi were restrained to 60°, 180° or —60° 
with a range of ±50° using 3D HNHB and 3D 
HNCOHB. Distance restraints for hydrogen bonds were 
set where slowly exchanging backbone amide protons 
were observed, r N _o — 2.7-3.5 A and Thn-o — 1.8—2.4 A. 
Structures were calculated by torsion angle dynamics 
using DYANA I.4. 55 A set of 100 structures was calcu- 
lated and a set of ten structures with the lowest values 
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in the target function was chosen to represent the 
ensemble. A structure that is closest to the mean struc- 
ture of this ensemble was selected as the representative 
structure. 

It has been proposed that the use of 13 C chemical shifts 
as structural restraints is an effective method for rapid 
protein structure determination when an insufficient 
number of experimental restraints are available. 56 How- 
ever, it is an empirical method and is not always correct. 
Because the number of restraints was sufficient, we did 
not use 13 C chemical shift-derived restraints in our struc- 
ture calculations of MtFKBP17. 

Modeling of a substrate peptide bound to M1FKBP17 

A speculative three-dimensional model of the sub- 
strate peptide Ala 8 -Pro-Phe-Ala 13 bound to MtFKBP17 
was modeled manually. First, the Pro-Phe segment, 
which fits into the substrate-bmding pocket of the PPIase 
domain, was modeled based on the computer simulated 
model. 48 - 49 Then, the other parte of the peptide- 5 (two 
poly(Ala) segments) were modeled so that the peptide 
fits on the hydrophobic surface of MtFKBP17. To avoid 
inappropriate values of the dihedral angles \|i and <{>, an 
energy minimization was performed using the program 
Discover^ (Molecular Simulations Inc.). »v! 

Protein Diata Bank accession codes 

The coordinates have been deposited in the RCSB 
Protein Data Bank (accession code 1DC5). 
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1. ABSTRACT 

PPIases are ubiquitous in living organisms. While 
3 families of PPIases, cyclophilin (CyP), FK506 binding 
protein (FKBP) and parvulin (Pvn), have been studied in 
detail in Eukarya and Bacteria (eubacteria), little is known 
about archaeal PPIases. Among 2 cyclophilins found in 
Archaea, only Halobacterium cyclophilin (HcCyP19) has 
been characterized. It is a cyclosporin A (CsA) sensitive 
CyP with a MW of 19.4kDa. The PPIase activity and CsA 
sensitivity of this CyP is higher at higher salt concentration 
in the medium. No parvulin or its homolog has been found 
in Archaea. Two types of FKBPs, 26-30kDa long type and 
17-18 kDa short type FKBP, have been found in Archaea. 
While the N- terminal regions of these 2 type FKBPs are 
similar to each other, the long type archaeal FKBP has an 
additional ca. 100 amino-acid sequence at its C-terminal 
region. In comparison with human HsFKBP12, the N- 
terminal region of the archaeal FKBP has 2 insertion 
sequences in the regions corresponding to Bulge and Flap 
of HsFKBP12. A short type archaeal FKBP from 
Methanococcus thermolithotrophicus has been shown to 
have not only a PPIase activity but also a chperone like 
activity, which includes protein refolding and aggregation 
suppressing activities with regard to protein folding 
intermediates. Mutational analysis revealed that this 
chaperone-like activity was independent of the PPIase 
activity, and that the insertion sequence in the region 
corresponding to the Flap seemed to be important. 



2. OVERVIEW OF PPIase 

2. 1. History of PPIase discovery 

Among peptide bonds in the protein, rotation of 
prolyl imide bond is the slowest and is thought to be the 
rate-limiting step in the folding process of proteins. An 
enzyme which catalyses this slow rotation was found and 
called peptidyl prolyl cis-trans isomerase (PPIase) (1). In 
1989, porcine kidney PPIase was purified and its gene was 
cloned. It was shown to have the same amino-acid 
sequence with that of bovine cyclophilin (CyP), a target 
protein for an immunosuppressant, cyclosporin A (CsA) (2, 
3). Soon after this discovery, a target protein for FK506 
(FKBP: FK506 binding protein), a macrolide 
immunosuppressant, was also shown to be a PPIase, while 
amino-acid sequence homology between them was low (4). 
Another macrolide immunosuppressant, rapamycin (Rap) 
also binds to FKBP (5). In 1994, the third family ofPPIase, 
parvulin (Pvn), was discovered in Escherichia coli (6). This 
PPIase has low homology to CyPs and FKBPs, and 
insensitive to either of CsA or FK506. The PPIase is also 
referred to as rotamase or protein foldase. Because CyPs 
and FKBPs bind the corresponding immunosuppressants, 
they are also called immunophilins. Various PPIases in 
these 3 families have been reported and characterized. 
Usually more than one gene in each of these families are 
found in eukaryotic and prokaryotic cells. Even a parasitic 
bacterium, Mycoplasma genitalium, with the smallest 
known genome of 0.58Mbp has a gene for a FKBP, trigger 
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Figure 1. Chemical structures of PPIase inhibitors. 

factor (7). These observations suggest that PPIase plays an 
essential role in the living cell. However, mutational 
analysis has revealed that in yeast all of the CyP and FKBP 
genes are dispensable, indicating that they are not essential 
for the growth (8). Function of PPIase is still enigmatic. 
While PPIases have been studied in Eukarya and Bacteria, 
little is known about PPIases in Archaea. Many members of 
Archaea live in extreme environments with high 
temperature, high salt concentration and/or extremely 
anaerobic conditions. Studies on archaeal PPIases may 
show the new function of PPIase in the life in extreme 
environments. Since a variety of PPIases have been 
reported with different names, it is useful to name them 
with species name, type of PPIase and molecular weight in 
kDa. For example, E. coli SlyD is called EcFKBP20 (E. 
coli FKBP with molecular weight of 20kDa). 

2.2. Three families of PPIase 

Three PPIase families have been reported. 
Cyclophilins (CyP) are PPIases sensitive to CsA (figure 1) 
or homologs to the prototype CyP, mammalian CyP18. The 
smallest human CyP is HsCyP18 with molecular weight of 
18kDa (9) and the largest one is a giant nucleopore protein, 
HsCyP350 (Nup358 or nucleoporin), with molecular 
weight of 350kDa (10). Despite of the wide variety of their 
molecular weights, most of them have only one PPIase 
domain. Most of the small CyPs in Eukarya have high 
binding affinity to CsA; i.e., IC 50 of human CyP18 against 
CsA is approximately 6 nM (11). Bacterial CyPs have 
lower affinities for CsA; 2 CyPs from E. coli are insensitive 
to CsA (12) but Bacillus subtilis BsCyP17 is moderately 
sensitive (IC 50 = 120 nM) (13). Crystallographic analysis 
has revealed that human HsCyP18 has 8 antiparalell alpha- 
sheets with 2 short alpha-helices forming a beta-barrel 
structure (14). 3D structure of human cylcophilin A 
(HsCyP18) is available in PDB (http://pdb.protein.osaka- 
u.ac.jp/pdb/cgi/resultBrowser.cgi) with ID of 2CPL. 



o 




Juglone 




Cyclophilins have been found in multicellular eukaryotes 
(animals and plants), unicellular eukaryotes, and bacteria 
except a parasitic bacterium with the smallest known 
genome, M genitalium (7). Some viruses, such as HIV, 
contain the CyP of host cell in their virion which is 
important for starting reproduction after infection to the 
target cells (15). Large CyPs, which are involved in the 
interaction with various cellular components have modular 
structures to execute their function. Human HsCyP40, 
which is a component of heterocomplex of steroid receptor 
and hsp90, has three units of TPR (tetratrico-pepetide- 
repeat) domain and calmodulin binding motif at its C- 
terminus (16). The TPR is a degenerate 34 amino-acid 
motif involved in various protein-protein interactions and 
found in the three domains of living organisms, Eukarya, 
Bacteria and Archaea (17). The giant human HsCyP358 
have a Leu rich region, eight Zn finger domains and RanBP 
(Ras related nuclear protein binding protein) homologous 
domains in addition to a cyclophilin domain (10). 

PPIases with high binding affinity for FK506 and 
their homologous proteins are called FK506 binding 
protein (FKBP). The prototype of this group is human 
FKBP12 (HsFKBP12) (18). Three dimensional structure of 
HsFKBP12 has been resolved by X-ray crystallography 
(19) and NMR (20), and is available at PDB 
(http://pdb.protein.osaka-u.ac.jp/pdb/cgi/resulfBrowser.cgi) 
with ID of 2FKE. It has five antiparallel beta-strands 
wrapping around a short alpha-helix. Like large CyPs, large 
FKBPs have modular structures but with multi-FKBP 
domains. HsFKB52 is a component of a heterocomplex of 
hsp90-steroid hormone receptor and has two FKBP-, three 
TPR- and a calmodulin binding-domains (21). An E. coli 
FKBP, Sly D (EcFKBP20), which is required for the 
sensitivity to a phage, phiX174, is inhibited by Ni 2+ and is 
composed of two domains, a N-terminal FKBP domain and 
a His rich C-terminal domain (22). 
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Trigger factor (EcFKBP48) is a member of 
bacterial FKBPs but has low homology to other FKBPs 
without detectable binding affinity to FK506 or Rapamycin 
(23). It binds to the 50S ribosomal subunit and is thought to 
participate in folding of nascent proteins. Trigger factor has 
high PPIase activity and is composed of three domains, 
middle FKBP domain and flanking N- and C-terminal 
domains. While the truncated middle FKBP domain has 
high PPIase activity for short peptide substrates, both N- 
and C-terminal domains are required for high PPIase 
activity for protein substrates (24). Although the trigger 
factor itself is not essential for survival of E. coli, its 
depletion in the DnaK lacking mutant results in massive 
aggregation of cytosolic proteins (25). DnaK and trigger 
factor probably cooperate to promote proper folding of a 
variety of proteins in E. coli. Genes for the trigger factor or 
its homolog has been found in the genomes of two 
hyperthermophilic bacteria, Aquifex aeolicus (26) and 
Thermotoga maritima (27). 

The third family of PPIase is the Parvulin (Pvn: 
from Parvulus, very small in Latin) family. The prototype of 
this family was found as the smallest E. coli PPIase with no 
significant homology with the other two families of PPIases 
(6). Parvulins have no affinity to the immunosuppressant, 
FK506 or CsA. Larger parvulins have been reported in 
Bacteria and Eukarya. SurA (EcPvn47) is a periplasmic E. 
coli parvulin with two parvulin domains which is thought to 
be involved in the folding of the outer membrane protein, 
porin (28). Eukaryotic members of this family, human Pinl 
(HsPvnl8) and yeast ESS1 (ScPvnl9) are essential for cell 
cycle progression (29). Pinl /ES SI and related larger 
parvulins have a WW domain, which contains 38-40 amino- 
acid residues in a triple-stranded antiparallel beta-sheet with 
two highly conserved tryptophans and functions as a phospho- 
Ser and phospho-Thr binding module in protein-protein 
interaction of the signal transduction (30). Recently a specific 
irreversible inhibitor, Juglone, has been reported for this family 
(31) (figure 1). Recent genome sequence analyses have 
revealed that hyperthermophilic bacteria, Thermotoga 
maritima and Aquifex aeolicus have two parvulin homologs in 
each of their genomes (http://www.ncbi.nlm.nih.gov/cgi- 
bin/COG/palog?BS_prsA). 

2.3. Mechanism of immunosuppression by cyclosporin 
A, FK506 and rapamycin 

Inhibition of PPIase activity is not important in 
the immunosuppressive action of CsA or FK506. Instead, 
the ligand-PPIase complexes act as inhibitors for signal 
transduction pathways in the immunological reactions. 
CsA-cyclophilin complex or FK506-FKBP complex binds 
and inhibits a protein phosphatase, calcineulin which is 
involved in the signal transduction to produce a T-cell 
growth factor, interleukin (IL)-2 (for review, see 32). 

Interestingly, rapamycin (Rap) which also binds 
to FKBP mediates immunosuppression by a different 
mechanism. The Rap-FKBP complex binds to a protein 
kinase, TOR (Target of Rapamycin) in yeast or mTOR 
(mammalian TOR) (for review, see 33). This protein 
regulates the activity of p70S6 kinase, which is a key 
enzyme involved in cell -cycle signal transductions. 



Consequently, the Rap-FKBP complex inhibit IL-2 
stimulated growth of T-cells. 

2.4. Assay methods for PPIase activity 

A chymotrypsin (or trypsin) coupled assay 
method for PPIase activity was first invented by Fischer et 
al. in 1984 and is widely used (1, 34). Chymotrypsin 
cleaves only the trans-form of the Xaa-Pro bond amino 
acid (where Xaa is the preceding amino acid) of a small 
model peptide such as N-succinyl-Ala-Xaa-Pro-Phe-/?- 
nitroanilide. In aqueous solution, 90% of Xaa-Pro bond of 
this molecule is in /raws-conformation. After addition of 
excess amount of ot-chymotrypsin, the trans form of Xaa- 
Pro bond is cleaved instantaneously. The hydrolysis rate of 
the remaining 10% Xaa-Pro bond is limited by its cis to 
trans isomerization. Thus the cis-trans isomerization rate of 
the model peptide is measured by the release of p- 
nitroanilide by absorption spectroscopy. 

A chymotrypsin-free spectrophotometric assay was 
developed by Janowski (35). In the mixture of 
trifluoroethanol and LiCl, the percentage of cis 
conformation of the Xaa-Pro bond of a small peptide N- 
succinyl-Ala-Xaa-Pro-Phe-p-nitroanilide increases to 70%. 
After a solvent jump from this solution to aqueous buffer, 
cis-trans isomerization 

A chymotrypsin-free spectrophotometric assay 
was developed by Janowski (35). In the mixture of 
trifluoroethanol and LiCl, the percentage of cis 
conformation of the Xaa-Pro bond of a small peptide N- 
succinyl-Ala-Xaa-Pro~Phe-/?-nitroanilide increases to 70%. 
After a solvent jump from this solution to aqueous buffer, 
cis-trans isomerization occurs. Cis-trans isomerization is 
measured by the small difference in absorbance between 
the cis and trans forms of the prolyl imide bond in the 
model peptide. This method is useful to detect the PPIase 
activity of yeast mitochondrial cyclophilin, Crr3 
(ScCyp20), whose rotamase activity cannot be measured by 
the conventional chymotrypsin coupled assay (36). NMR 
spectroscopy is also employed to directly measure the 
intercon version rate of cis and trans forms of peptides (37). 
If the conventional method does not work in some 
conditions, the other methods might help. 

To study the PPIase activity in proteins, 
ribonuclease Tl (RNaseTl) is a suitable model, because it 
is completely refoldable and its refolding is rate-limited by 
prolyl isomerization (38). RNaseTl is a small peptide of 
104 amino acids containing two disulfide bonds (Cys2- 
CyslO and Cys6-Cysl03), and two cis (Tyr38-Pro39 and 
Ser54-Pro55) peptidyl prolyl bonds. The refolding of 8M 
urea-denatured RNaseTl proceeds in a biphasic fashion 
because of these two trans to cis prolyl isomerizations. 
Miicke and Schmid (39, 40) improved this model protein 
by reduction of its two disulfide bonds and subsequent 
carboxy methyl ation. The resulting reduced and 
carboxymethylated (RCM)-RNaseT 1 is unfolded in 0.1M 
Tris/HCl (pH8.0), and complete refolding is induced by the 
addition of 1-2 M NaCl. The RCM form of the S54G/P55N 
variant of RNaseTl is a suitable substrate for studying 
PPIase activity in protein folding. Only a single trans-cis 
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isomerization of Pro39 is involved in its folding. This 
folding system does not require denaturants, such as 
guanidine hydrochloride or urea which often affect the 
activities of PPIases even at low concentration. 

2.5. PPIase in in vivo protein folding 

Although a yeast mutant lacking all the 
cyclophilins and FKBPs has been shown to be viable (8), 
there has been ample evidence showing that PPIase is 
involved in protein folding in vivo. Cyclosporin A partially 
inhibits collagen triple-helix formation in chick embryo and 
human fibroblasts (41). A fruit fly mutant lacking the eye- 
specific ninaA (DmCyP26) gene has a defect in vision with 
reduced amount of rhodopsin (42). This cyclophilin was 
shown to form a complex with a rhodopsin, Rhl, in vivo 
(43). When the Drosophila ninaA gene was introduced into 
an insect cell line Sf9 and expressed, folding of a foreign 
protein expressed by recombinant baculovirus was 
improved (44). In S. cerevisiae^ accumulation of unfolded 
protein in the endoplasmic reticulum (ER) induced 
upregulation of FKBP13 (45). A periplasmic parvulin of E. 
coli, Sur A (EcPvn47), was shown to be involved in the 
folding and assembly of outer membrane protein, porin 
(28). 

In protein folding in living cells, PPIase may 
collaborate with other chaperones. PPIase is reported to 
enhance oxidative folding of RNasTl by protein disulfide 
isomerase (46). In mouse fibroblast ER and Golgi, CyPB 
(MmCyP20) and Hsp47 form a complex with a newly 
synthesized procollagen I and are involved in its folding 
(47). In E. coli cells, trigger factor (EcFKBP48) cooperate 
with DnaK in nascent protein folding (25). 

2.6. PPIase in in vitro protein folding 

PPIases increase the refolding rate of RNase Tl 
and its reduced and carboxymethylated derivative RCM- 
RNaseTl, which are completely refoldable (24, 46, 48). 

In addition to this PPIase activity, some PPIases 
have been suggested to have a chaperone-like activity 
which prevents aggregation of protein folding intermediates 
and increases the yield of refolded protein. Porcine kidney 
CyP (SsCyP18) and NK-TR (HsCyP150) have chaperone- 
like activity in addition to the PPIase activity (49, 50). 
Human CyP (HsCyP18), porcine SsCyP18 and human 
HsFKBP12 were reported to accelerate the speed of 
refolding of human carbonic anhydrase IE but did not 
prevent its aggregation during refolding (51). Human 
HsCyP18, HsFKBP12 and bovine serum albumin (BSA) 
were reported to increase the yield of refolding of antibody 
Fab fragment in vitro even in the presence of the inhibitor 
CsA (52). This suggested that this effect might be a result 
of nonspecific protein-protein interaction because they 
were insensitive to the inhibitor and because BSA also 
showed the similar effect. Human HsFKBP52, on the other 
hand, protects porcine heart citrate synthase from thermal 
aggregation in PPIase independent fashion (53). These 
somewhat contradictory results indicate that the chaperone- 
like activity of PPIase is still in question and remains to be 
studied in more detail. 



2.7. Other functions of PPIases 

At least one PPIase is found in any one of 
organisms so far studied. Large variety has been found in 
the PPIases so far reported. They are probably participated 
in various biological processes. Some of their possible 
functions are shown in table 1. 

3. STRUCTURE AND FUNCTION OF ARCHAEAL 
PPIASES 

3. l.PPIases in Archaea 

The domain Archaea includes microorganisms 
living under extreme conditions, hyperthermophiles, 
thermophiles, halophiles and methanogens. There is little 
available information of archaeal PPIases. A cyclophilin 
has been found only in a halophilic archaeum, 
Halobacterium cutirubrum (66, 67) and in the genome 
sequence of Me thanobacterium themoautotrophicum (68). 
No cyclophilin gene or its homolog has been found in 
complete genome sequences of hyperthermophilic archaea, 
Methanococcus jannaschii (69), Archaeoglobus fulgidus 
(70), Pyrococcus horikoshii (71) and Aeropyrum pernix 
(72), but one or two FKBPs. Hyperthermophilic bacteria, 
Thermotoga maritima and Aquifex aeolicus which are 
phylogenetically closest to archaea, have a trigger factor 
and two parvulin homologs (26, 27). However, the gene for 
trigger factor or its homolog has not been found in archaeal 
genomes (68-72). Likewise, no gene for parvulin homolog 
has been found in reported archaeal genome sequences. 

Several molecular chaperones, GroE, DnaK, 
DnaJ, and GrpE cooperate in the protein folding in the 
bacterial cytosol (73, 74). HSP70 (DnaK homolog) and 
HSP60 (GroEL homolog) cooperate in the protein folding 
in mitochondria (75). The genes encoding group II 
chaperonin (GroEL homolog) are found in all of the 
archaeal genomes studied. While genes encoding DnaK, 
DnaJ or GrpE, have been found in mesophilic (76) and 
some thermophilic archaea, such as Me thanobacterium 
thermoautotrophicum (68), they have not been found in the 
genomes of hyperthermophilic archaea (69-72). 
Interestingly, the archaea which have Cyp gene also have a 
gene for HSP70 (67, 68, 76). 

3.2. Structure of archaeal PPIases 
3.2.1. Cyclophilins in archaea 

A cyclophilin (CyP) was purified from a 
halophilic archaeum, Halobacterium cutirubrum. This 
cyclophilin (HcCyP19) was sensitive to cyclosporin A with 
the IC 50 value of 15nM in the presence of 2.9M KC1 (66). 
While this is the only archaeal CyP characterized so far, a 
gene encoding a CyP-like protein has been found in the 
genome of a thermophilic archaeum, M. 
thermoautotrophicum (68) (table 2). The alignment of 
amino-acid sequences of H. cutirubrum and M. 
thermoautotrophicum CyPs with those of other eukaryotic 
and bacterial CyPs is shown in figure 2. The amino-acid 
sequence of H. cutirubrum CyP is 52.9% identical to that of 
MbtCyP15 and 40-45% to those of eukaryotes and Bacillus 
subtilis with high cyclosporin A-sensitivity, but 27% 
identical to those of cyclosporin A-insensitive CyPs from 
Escherichia coli (67). HcCyP19 was reported to have a 
unique 23-amino-acids insertion sequence that showed no 
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Figure 2. Alignment of archaeal CyP amino acid sequences with those of other bacterial and eukaryotic 
CyPs. Secondary structure reported for HsCyP18 is shown above the aligned sequences, alpha, alpha helix; 
beta, beta helix: tau, turn. Amino-acid residues common in archaeal CyPs are shadowed. Archaeal CyPs are 
shown in bold. Source of CyPs are; HsCyP18 (human); HsCyP20 (human); LeCyP18 (Tomato); AtCyP18 
(Arabidopsis thaliana); BsCyP15 (B. subtilis)\ EcCyP20 (E. coli)\ EcCyP18 (E. coli); MbtCyPIS (M. 
thermoatutotrophicum); HcCyP19 (/f. cutirubrum) 



825 



Archaeal PPIases 



Table 1. Possible functions of PPIases 



Function 


PPIase 


Cells/Organisms 


References 


Cell cycle progression 


Pinl/ESSl 
(HsParl8/ScParl9) 


Eukaryotic cells 


29 


Restoration of Alzheimer's disease associated phophorylated tau 


Pin 1 (HsParl8) 


Human 


54 


to interact with microtubules 








Association with hormone receptors 


FKBP52/CyP40 


Mammals 


55 


Apoptosis 


Cyclophilins A-C, D 


Eukaryotic cells 


56, 57 


Mitochondrial membrane permeabilization to calcium ion 


Cyclophilin D 


Eukaryotic cells 


57 


Calcium ion release from sarcoplasmic reticulum 


FKBP12 


Mammals 


58 


Nuclease activity 


Cyclophilins A-C 


Eukaryotic cells 


56 


Nucleopore formation and protein transport to nucleus 


RanBP2,Nup358 


Mammals 


10, 59 


Protein synthesis and folding of nascent proteins 


trigger factor 
MIP a 


Bacteria 


23,25 


Virulence factor in pathogenic bacteria 


Pathogenic 
bacteria 


60,61 


Possible involvement in parasitism 


Cyclophilins 


Parasites 


62 


Virus particle formation and virulence in virus 


Cyclophilin A 


Virus 


63 


Nerve regeneration 


FKBP52 


Mamamls 


64 


Protection against oxidative stress 


Cyclophilin A 


Mammalian cells 


65 


Vision (correct folding of rhodopsin) 


NinaA (DmCyP26) 


Fruit fly 


42 



a , macrophage infectivity potentiator 
Table 2. Cyclo philins in Archaea 



CyPs 



Sources 



AA a MW(kDa) b PI b IC50 



References 



HcCyP19 Halobacterium cutirubrum 



180 



19.4 



MbtCyP 15 Methanobacterium thermoautotrophcum 141 ,1,5;4 



3.9 15nM(at2.9MKCl), 140nM(at 1.4 66,67 
MKC1) 

5.4 ND C 68 



a , amino acid residues; b, calculated using Genetyx-Mac v. 8.0 (Software Development Co.); c, not determined 



homology to other CyPs from bacteria and eukaryotes (67). 
However, this insertion sequence is not found in 
Methabacterium thermoautotraphicum CyP (MbtCyP15). It 
may be involved in halotolerance of H. cutirubrum 
CyP. While amino-acid sequence homology between 
MbtCyP15 and HcCyP19 is higher than those between 

HcCyP19 and other CyPs, further investigation 
about archaeal cylophilins are necessary to determine 
whether there are distinctive feature of archaeal 
cyclophilins. 

3.2.2. FKBPs in archaea 

The short-type and the long-type FKBPs have been 
reported from Archaea. The molecular masses are 
approximately 17-18 and 26-30 kDa, respectively (68-72, 
77, 78) (table 3). While both a short-type and a long-type 
archaeal FKBP genes have been found in the genome of 
Methanococcus jannaschii (69), only one FKBP gene 
encoding a long-type FKBP was found in the genomes of 
M. thermoautotrophicum (68), A. fulgidus (70), P. 
horikoshii (71), and Aeropyrum pernix (72). We isolated 
genes encoding a short- type FKBP from Methanococcus 
thermolithotrophicus (77) and Thermococcus sp. KS-1 
(78). It is not clear whether they have the long- type FKBP, 
or not. The alignment of the amino-acid sequences of 
archaeal FKBPs with those of eukaryotic and bacterial 
FKBPs are shown in figure 3. The alignment shows that the 
archaeal short-type FKBPs has a FKBP domain, and the 
archaeal long-type FKBP has a FKBP domain with a 100- 
amino-acids surplus region at the C-terminus. The 



secondary structures of human FKBP 12 kDa 
(HsFKBP12) are arranged in the order: (N-terminus)- 
beta-l-beta-4- beta-5-alpha- beta-2- beta-3-(C- 
terminus). Between beta-2 and beta-3, a surface loop 
called "flap" exists, and in the middle of beta-5, an 
intervening sequence called "bulge" splits beta-5 into 
two (79). The alignment analysis revealed that the 
archaeal FKBP domain (short-type FKBP) has a 13- 
amino acids insertion sequence in the bulge region of 
hFKBP12, and a 44- amino acids insertion sequence in 
flap region of hFKBP12. E. coli slyD (EcFKBP20) also 
has insertion sequence homologous to the archaeal 44 
amino acids-insertion in the flap region (figure 3). 
Figure 4 shows the 3-D structure of HsFKBP12 with 
positions of the insertions. 

Two consensus amino-acid sequence motifs for 
FKBP are found in PROSITE database 
(http://www.expasy.ch/prosite/). In the amino-acid 
sequences of long-type archaeal FKBPs, and the 2 short- 
type FKBPs, TcFKBP18 and Mj FKBP 18, one of these 
motifs, [LIVMFY]-X(2)-[GA]-X(3,4)-[LIVMF]-X(2> 
[LIVMFHK]-X(2)-G-X(4)-[LIVMF]-X(3)-[PSGAQ]-X 
(2)-[AG]-[FY]-G (accession no. PS00454) is found, 
whereas the other motif, [LIVMC]-X-[YF]-X-[GVL]- 
X(1,2)-[LET]-X(2)-G-X(3)-[DE]-[STAEQK]-[STAN] 
(accession no. PS00453) is not. They are not found in 
Escherichia coli trigger factor (ecTIG: EcFKBP48) but 
both of them are found in a short type archaeal FKBP, 
MtFKBP17 (MTFK), E. coli SlyD (EcFKBP20), and 
HsFKBP12. 
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Figure 3. Alignment of archaeal FKBP amino acid sequences with those of other bacterial and eukaryotic FKBPs. Amino-acid 
residues common in archaeal FKBPs are shadowed. Archael FKBPs are shown in bold. Amino-acid residues common in archaeal 
FKBPs are shadowed. For the abbreviations for archaeal FKBPs, see table 3. EcFKBP20, E. coli slyD; EcFKBP48, E. coli trigger 
factor, HsFKBP12, human FKBP12. Secondary structure of HsFKBP12 is shown below the alignments. 

Table 3. FKBPs from Archaea 



FKBPs 


Sources 


AA a 


MW(kDa) 


PI b 


IC50 


Reference 


MtFKBP17 (MTFK) 


Methanococcus thermolithotrophicus 


154 


17.2 


4.1 


250 nM 


76 


Mj FKBP 18 (MjFKBP-1) 


Methanococcus jannaschii 


157 


17.7 


4.3 


NR C 


69 


TcFKBP18 (TCFK) 


Thermococcus sp. KS1 


159 


17.6 


4.2 


NR C 


77 


MjFKBP26 (MjFKBP-2) 


Methanococcus jannaschii 


231 


25.9 


7.5 


NR C 


69 


MbtFKBP28 (MbFK) 


Methanobacterium thermoautotrophicum 


250 


28.3 


4.5 


NR C 


68 


A1TKBP29 


Archaeoglobus fulgidus 


253 


29.0 


4.5 


NR C 


70 


ApFKBP30 


Aeropyrum pernix 


268 


29.6 


4.8 


NR C 


72 


PhFKBP29 


Pyrococcus horikoshii 


257 


29.0 


4.9 


NR C 


71 


PfFKBP29 


P. furiosus 


258 


29.1 


4.9 


NR C 


Website d 


PaFKBP30 


P. abysii 


266 


30.0 


5.0 


NR C 


CAB49667 6 



a , amino acid residues; b , calculated by using Genetyx v. 8.0; c , not reported; d , http://combdna.umbi.umd.edu/bags.html; e , 
accession number in GenBank, EMBL and DDBJ 
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flap (20 a.a) 




Figure 4. Three dimensional structure of human HsFKBP12 showing the positions of insertion sequences found in MtFKBP17. 
Positions of amino-acid substitutions in MtFKBP17 mutants are also shown. FK-dB is a deletion mutant lacking the insertion 
sequence in the region of bulge. FK-dF is the deletion mutant lacking the insertion sequence in the flap region and FK-dBF is the 
deletion mutant lacking both of these insertion sequences (84). 



Table 4. C atalytic effic iencies of PPIases against N-suc-Ala~Xaa-Pro-Phe-p-nitroanilide (Kcat/Km (mM-ls' 1 ) a 



Xaa 


FKBPs 










CyPs 






Methanococcus 


Thermococcus 


Methanobacterium 


Escherichia 


Bovine 


Escherichia 


Bovine 




MtFKBPU 


TcFKBP18 


MbtFKBP28 


trigger factor BtFKBP 


EcCyPIS 


BtCyP 


Leu 


350 


350 


0.74 


430 


640 


23400 


2700 


Ala 


200 


290 


0.4 


160 


50 


67400 


3180 


Leu/Ala b 


1.75 


1.21 


1.85 


2.69 


12.8 


0.35 


0.71 


Reference 


76 


77 


82 


23 


79 


80 


79 



a , PPIase activities were measured by the chymotrypsin-coupled assay at 10 or 15°C , Ratio of Kcat/Km for N-suc-Ala-Leu-Pro- 



Phe-pNA to that for N-suc-Ala-Ala-Pro-Phe-Phe-pNA 

3.3. PPIase activity of archaeal FKBPs 

The PPIase activities of archaeal FKBPs and 
other PPIases against tetrapeptide susbtrate are shown in 
table 4. The catalytic efficiencies (/^at/Km) for N-succinyl- 
Ala-Leu-Pro-Phe-pNA of MTFK (MtFKBP17) and that of 
TcFK (TcFKBP18) are 350 mM^S" 1 (77, 78). These 
values are similar to those of E. coli trigger factor (430 
mM^S" 1 ) (23) and bovine FKBP (640 mM^S" 1 ) (80), and 
significantly lower than those of E. coli CyP18 (23400 
mM^S" 1 ) (81) and bovine CyP (2700 mM^S" 1 ) (80). The 
PPIase activities of MtFKBP17 and TcFKBP18 are 
inhibited by FK506 with IC 50 values of 250 nM and 
7microM, respectively (77, 78). 

A long-type archaeal FKBP, MbtFKBP28 
(MbFK) from M. thermoautotrophicum, was shown to have 
a weak PPIase activity (table 4), which was insensitive to 
FK506 (82). Another long-type FKBP, AfFKBP29 from a 
hyperthermophilic sulfate reducer, A. fulgidus, also 
exhibited little PPIase activity (Ideno et al. unpublished 
data). One of two consensus FKBP motifs in PROSITE 
database (see section II-2) is not found in the protein 
sequence of MMFKBP28. The substitution of F99 with Y 
in human HsFKBP12 (83), and the corresponding 
substitutions in E. coli trigger factor (EcFKBP48) (83), and 



in MtFKBP17 (84), significantly reduce their PPIase 
activities. In the protein sequences of MbtFKBP28 and 
other archaeal long-type FKBPs, the residues 
corresponding to F99 in HsFKBP12 is substituted with Y 
(figure 2). This may be the cause of low PPIase activity in 
MbtFKBP28. 

Generally, cyclophilins prefer N-suc-Ala-Ala- 
Pro-Phe-pNA to N-suc-Ala-Leu-Pro-Phe-pNA, while the 
reverse is true for FKBPs (table 4). The Leu /Ala values, 
the ratio of fc ca t/K m for N-suc-Ala-Leu-Pro-Phe-pNA versus 
that for N-suc-Ala-Ala-Pro-Phe-pNA, of thermophilic 
archaeal FKBPs are 1.2 to 1.85, respectively, while those of 
other FKBPs are 2.69 to 22.0 (table 4). This may indicate 
that archaeal FKBPs have low substrate specificy. 

At higher temperature, it is expected that the 
spontaneous rotation rate of peptidyl- prolyl imide bond 
increases. With increasing temperature (15-35°C), the 
difference between the rate constant of spontaneous 
peptidyl-prolyl isomerization of tetrapeptide and that of the 
MtFKBP17-catalyzed isomerization became smaller (77) 
(figure 5). This suggests that PPIase activity at least for 
small peptides is less important at higher temperature. Most 
of hyperthermophilic or thermophilic archaea have no 
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15 20 25 3d; 35 40 

Figure 5. Effect of temperature on the first-order rate 
constant (K) of cis-trans isomerization measured using 
tetrapeptide substrate and chymotrypsin coupled assay. 
Open circles, absence of PPIase; closed circles, presence of 
MTFK (MtFKBP17) (76). 

sch _ ^ 




6 f r— H 
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Figure 6. Effect of PPIases on the refolding of denatured 
rhodanese. The 6 M guanidine hydrochloride-denatured 
hodanese was diluted 60 fold at time 0 min. with the 
refolding buffer (10 mM DTT, 50 mM Na-thiosulfate, and 
50 mM K-phosphate (pH 7.8) containing PPIase at 25°C. 
Open aquares, absence of PPIase; open circles, 5 microM 
recombinant MtFKBP17; closed circles, 5 microM 
recombinant MtFKBP17 with 20 microM FK506; closed 
triangles, microM recombinant human HsFKBP12; open 
triangles, 5 microM bovine BtCyP18 (84). 

cyclophilin but FKBP of which PPIase activities are lower 
than those of other PPIases from mesophiles at low 



temperature (table 4). These archael FKBPs may have 
higher activity at higher temperature and/or may have some 
other functions in addition to the PPIase activity. 

3.4. Chaperone-like activity of a short-type archaeal 
FKBP 

Two different model substrate proteins, 
RNase-Tl (ribonuclease Tl) and rhodanese, have been 
used to study the protein folding activity of a short type 
archaeal FKBP (84). RNase-Tl is completely refoldable 
and has two cis peptidyl-prolyl bonds (Tyr38-Pro39 and 
Ser54-Pro55) (38). On the other hand, folding 
intermediates of rhodanese tend to aggregate and thus 
rhodanese is convenient to assess the activity of 
chaperones by measuring their capacity to prevent 
aggregation of folding intermediates and to increase the 
yield of properly folded rhodanese. Escherichia coli 
GroE binds to folding intermediates of rhodanese and 
releases them in an ATP-dependent fashion (85, 86). 

MtFKBP17 accelerates the refolding of 8M 
urea-denatured RNase-Tl in a dose-dependent fashion. 
This PPIase activity of MtFKBP17 is completely 
inhibited by FK506 (84). MtFKBP17 protects 
aggregation of folding intermediates and elevated the 
final recovery of rhodanese refolding in dose-dependent 
fashion (figure 6) (84). This is called chaperone-like 
activity of MtFKBP17 and is partially inhibited by 
FK506. Neither hFKBP12 nor bovine cyclophilin 18kDa 
(bCyP18) exhibits chaperone-like activity in rhodanese 
refolding. The £ ca t/K m values (PPIase activity) of 
HsFKBP12, BtCyP18, and the recombinant MtFKBP17 
for N-suc-Ala-Leu-Pro-Phe-pNA are 2.7 (87), 0.64 -2.2 
(80, 87), and 0.96 - 1.0 (84) micro M^S" 1 , respectively. 
These raise the question whether the PPIase activity of 
MtFKBP17 contributes the chaperone-like activity or 
not. 

3.5. Deletion analysis of the short-type FKBP from M. 
thermotithotrophicus 

The role of the insertion sequences of a short 
type archaeal FKBP, MtFKBP17, in protein folding has 
been analyzed by making deletion mutants (84) (figure 

4) . Catalytic efficiency (k c JK^ of PPIase activity of the 
mutant with deletion of the bulge insertion (FK-dB), or 
both bulge and flap insertions (FK-dBF), was 
dramatically reduced to 0.4 and 0.6% as compared with 
the wild type MtFKBP17 (FK-W), respectively. The 
PPIase activity of the mutant lacking the flap insertion 
(FK-dF) was undetectable. The far-UV circular 
dichroism (CD) spectral analysis revealed that the both 
bulge and flap insertions are important for a proper 
conformation of MtFKBP17 (84). While the secondary 
structure of FK-dB was shown to be changed, 62% of 
chaperone-like activity of the wild type remained (table 

5) . On the other hand, FK-dF that has an almost intact 
secondary structure exhibited little chaperone-like and 
undetectable PPIase activities. This suggests that the 
flap insertion sequence is important for the chaperone- 
like activity of MtFKBP17, and that the contribution of 
PPIase activity to chaperone-like activity is low. 
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Table 5. Deletion analysis of MTFK (MtFKBP17) 


MTFKs 


PPIase activity 3 


Chaperone-like activity b 




Wild type (FK-W) 


kcat/Kn^u^S" 1 ) 
0.96(100%) d 


% of rhodanese activity 0 
64.2+A2.8 (100%) d 




FK-W + FK506 


0 (0%) d 


30.0+/-0.7 (16%) d 




none e 


0 (0%) d 


14.1+/-0.4 (0%) d 




FK-dB 


0.004 (0.4%) d 


45 .3+/- 1.7 (62%) d 




FK-dF 


undetectable f (0%) d 


14.5+/-0.4 (0.8%) d 




FK-dBF 


0.006 (0.6%) d 


15.4+/-0.7 (2.6%) d 





a , PPIase activity was assayed at 25 °C by the chymotrypsin- coupled assay in 50mM K-phosphate buffer (pH7.5). , For 
chaperone activity, the denatured rhodanese (37.8 microM) was 60-fold diluted in the presence of 5.0 microM mutants, or FK-W 
in 50mM K-phosphate buffer (pH7.8) containing lOmM DTT and 50mMNa thiosulfate at 35°C. c , Recovered rhodanese activity 
after 60min refolding in the presence of FKBPs. Means +/- S.D. (n=3) d , percentage in parenthesis indicates relative yield of 
refolded rodanese to that by wild type (FK-W). e , Spontaneous refolding of rhodanese without PPIase, f , No PPIase activity was 
detected with 5 microM mutant MtFKBP17. 



Table 6. PPIase and chaperone-like activities of amino-acid substitution mutants of MtFKBP17 (MTFK) from M. 



MTFKs 


PPIase activity 


Chaperone-like activity 5 




[k cat ^C m (mM- 1 S" i )] a 


[% of rhodanese activity] 0 


rMtFKBP17 d 


1.0(100%) e 


66.7 +/- 3.3 (100%) e 


FK-dB 


0.005 (0.5%) e 


49.3 +/- 3.4 (65%) e 


F141Y 


0.072 (7.2%) e 


20.6+/- 1.6(8.3%) e 


F21Y/D22V 


0.013 (1.3%) e 


67.4+/- 4.1 (101%) e 


G4R/F21Y/D22V 


0.009 (1.0%) e 


62.7 +/- 3.3 (92%) e 


G13R/F21Y/D22V 


0.006 (0.6%) e 


32.4 +/- 2.6 (32%) e 


G18R/F21Y/D22V 


0.014 (1.4%) e 


66.8 +/- 2.5 (100%) e 


None f 


n.m. g 


16.4+/- 1.5(0%) e 



a , PPIase activity was assayed at 25°C by chmotrypsin-coupled assay in 50mM K-phosphate buffer (pH7.5). , For chaperone 
activity, the denatured rhodanese (37.8microM) was diluted 60-fold in the presence of 5.0microM mutants or wild type 
recombinant MTFK in 50mM K-phosphate buffer (pH7.8) containing lOmM DTT and 50mM Na thiosulfate at 35°C. °, 
Recovered rhodanese activity after 60min refolding in the presence of FKBPs. Mean +/- S.D. (n=3). ^ recombinant wild type 
MtFKBP17. e , percentage in the parenthesis indicates relative folding yield to that by wild type (rMtFKBP17). f , Spontaneous 
refolding of rhodanese without PPIase. 8 , Not measured. 



3.6. Is chaperone activity of MtFKBP17 independent of 
PPIase activity ? 

The contribution of MtFKBP17 PPIase activity to 
chaperone-like activity has been estimated by analyzing 
amino-acid substitution mutants with reduced PPIase 
activities (figure 4) (84). The CD spectra of the substitution 
mutants, F21Y/D22V, G4R/F21Y/D22V, 

G18R/F21Y/D22V, and F141Y, indicated that the 
secondary structure was intact in these mutants (84). While 
the double mutant, F21Y/D22V exhibited 1.3% of the 
PPIase activity of wild- type (FK-W), it exhibited 
chaperone-like activity comparable to that of FK-W (table 
6) (84). This indicates that F21 and D22 are important for 
PPIase activity, but not for chaperone-like activity. The 
triple mutants, both G4R/F21Y/D22V and 
G18R/F21Y/D22V also exhibited little PPIase activity, but 
their chaperone-like activities remained almost intact. 
While PPIase activity of F21Y/D22V was lower than that 
of F141 Y which has a dramatically reduced chaperone-like 
activity, it showed intact chaperone activity. The amino- 
acid residue F141 is probably important not only for PPIase 



but also for chaperone-like activity. These mutation 
analyses indicate that chaperone-like activity of MtFKBP17 
is independent of PPIase activity. The three dimensional 
(3-D) structure of MtFKBP17 is currently being determined 
to understand the mechanism underlying its chaperone-like 
activity (88) . 

3.7. The long-type archaeal FKBP 

The 28 kDa archaeal long-type FKBP has a 
FKBP-domain similar to archaeal 17 kDa short-type FKBP, 
and an additional peptide with 100 amino-acid residues at 
the C-terminal region. The PPIase activity of MMFKBP28 
was not sensitive to FK506 and was much lower than those 
of other FKBPs reported (table 4) (82). While A103, E106, 
and A 120 of MtFKBP17 are conserved in other archaeal 
short-type FKBPs, the corresponding residues are 
substituted with other amino acids in the long-type FKBPs 
(82). These substitutions may be the cause for the low 
PPIase activity of the long type FKBP, MbtFKBP28. 
However, MbtFKBP28 was recently shown to prevent 
aggregation of folding intermediates of 8M urea-denatured 



830 



Archaeal PPIases 



rhodanese in a dose dependent-fashion (82). The C- 
terminal domain of MbtFKBP28 has high content of acidic 
amino-acid residues (29.0%). The previous studies have 
revealed that the acidic region of the C-termini of human 
cyclophilin 40 kDa and HsFKBP52 are important for the 
interaction with hsp90 (89). The acidic amino acid-rich C- 
terminal region of MbtFKBP28 may be important for the 
suppression of protein aggregation (82). Other archaeal 
long type FKBPs also have acidic amino acid-rich region 
(figure 3). This suggests that the aggregation-suppressing 
activity may be a common feature of archaeal long type 
FKBPs. 

4. PERSPECTIVES 

In vivo-function of archaeal PPIases is yet 
enigmatic. In high temperature environments, where 
hyperthermophiles and thermophiles thrive, PPIase activity 
may be less important because of high spontaneous rotation 
rate of the peptidyl-prolyl bond. Besides the PPIase 
activity, the hyperthermophilic and thermophilic archaeal 
FKBPs seem to have chaperone-like activity or 
aggregation-suppression activity that may be more 
important at high temperature. In addition, 
hyperthermophilic archaea lack some chaperones like 
DnaK, DnaJ and GrpE (90) and cyclophilin type PPIase 
(see the section 3.1). This suggest that these 
hyperthermophilic archaea do not need these protein 
folding factors like DnaK and trigger factor, or that the 
fewer kinds of protein folding factors are multifunctional 
and fulfil the requirements for the protein folding in the 
cells of hyperthermophilic archaea, or that they have 
unknown new protein folding factors. To understand the in 
v/vo-function of archaeal PPIases, the following questions 
are ought to be answered. 

In the first place, a question arises whether 
PPIases, CyP and/or FKBP, are essential for their growth or 
not. In yeast, all the CyP and FKBP genes except ESS1 
(ScPvnl9) are dispensable (8, 29). Gene manipulation 
techniques for hyperthermophilic archaea are required to 
answer this question, especially considering that for these 
archaea genetic analysis is not yet fully developed (91). 

In Escherichia coli, trigger factor (EcFKBP48) is 
reported to associate with ribosomes (92) and collaborate 
with DnaK in nascent protein folding (25). 
Hyperthermophilic archaea lack both the factor and the 
chaperone in their genomes. It is pertinent to ask whether 
archaeal FKBP functions as a trigger factor. To answer this 
question, the in vitro translation technique developed for 
Sulfolobus solfataricus (93) may be useful. 

A short type archaeal FKBP, MtFKBP17, has 
chaperone-like activity in addition to the PPIase activity 
(84). Because little information is available at present, it is 
not known whether this is a general character of archaeal 
FKBPs. It is interesting to study the mechanisms 
underlying the chaperone-like activity of archaeal FKBP. 
Analysis of the 3-D structure of MBTFKBP17 will 
contribute to the understanding of the mechanism. 



Some enzymes from hyperthermophiles have 
unique properties that manifest themselves in the face of 
heat treatment. When Pyrococcus glutamate dehydrogenase 
is expressed in E. coli as a recombinant protein, its activity 
is elevated by heat treatment (94). The heat treatment is 
thought to affect the monomer structure and facilitate 
hexamer formation (95). This may indicate that these 
proteins are in a transient metastable state at lower 
temperature and require heat energy to take a proper 
structure. It would be interesting whether chaperones or 
PPIases are involved in this transition from the intermediate 
or metastable state to a properly-folded stable enzyme. 

Expression of yeast CyPl (ScCyP17) is heat 
inducible but that of FKBP1 (ScFKBP12) is not (96). 
Disruption of the CyPl gene decreases the survival at high 
temperature. Expression of the Vicia fava (plant) FKBP 
(VfFKBP13) is also heat inducible (97). On the other hand, 
E. coli trigger factor (EcFKBP48) is a cold-shock protein 
and is thought to contribute to viability at low temperature 
(98). It is not yet clear whether the archaeal CyP and/or 
FKBP are a cold- or heat-shock protein or not. 

Many PPIases are known to bind to other proteins 
to form a heterocomplex. Human FKBP52 (HsFKBP52) 
and HsCyP40 bind to steroid receptor (16, 21). No WW- or 
TRP- or Leu rich-domain has been found in archaeal 
FKBPs or CyPs. However, it is possible that the PPIase 
bind to other cellular proteins to form a heterocomplex. 
Cross- linking experiments may answer this question. 

Although some archaea, especially 
hyperthermophilic archaea, lack some chaperones, they 
have group II chaperonin, small heat shock protein and 
prefoldin (for review see 76). It is still a question whether 
archaeal PPIase (CyP or FKBP) collaborate with these 
protein folding factors in protein folding. 

k ... What is the functional differentiation between. 

CyPs and FKBPs in archael cells? Most hyperthermophilic 
archaea so far studied have only one PPIase (FKBP). 
However, M thermoautotrophicum have both CyP and 
FKBP, and M jannaschii have two types of FKBPs. 
Functional differentiation between these PPIases remains to 
be elucidated. 
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